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ABSTRACT 
 
BENJAMIN HARRISON.  DISSECTING THE MITOTIC REQUIREMENTS FOR 
EFFICIENT SISTER CHROMATID SEPARATION AND PARTITIONING IN 
ANAPHASE 
(Under the direction of Kerry Bloom) 
 
Equal division of genetic information is essential for proper cell proliferation.  In 
eukaryotes, the division of genetic information is mediated by a cellular machine called the 
mitotic spindle.  To ensure the equal division of genetic information, cells must execute three 
important processes:  1) they must establish and maintain mechanical links between sister 
chromatids (chromatid cohesion), 2) properly attach sister chromatids to the spindle 
apparatus (biorientation), and 3) remove mechanical links between sister chromatids 
coincident with elongation of the spindle.  The focus of my dissertation is elucidating the 
mechanisms responsible for the removal of mechanical links from sister chromatid arms 
during budding yeast mitosis.  In contrast to current models, we find the sister chromatid 
cohesion between chromatid arms persists into anaphase causing sister arm loci to follow a 
stereotypical segregation trajectory during anaphase.  The segregation trajectory was defined 
by sister arm loci becoming juxtaposed on the spindle axis seconds prior to their separation.  
While investigating the mechanism responsible for this segregation trajectory, we find that 
proper localization of separase (ESP1 in budding yeast) to the spindle axis in anaphase 
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contributes to the efficient separation of sister telomere-proximal loci.  Spindle localization 
of separase is dependent on the protein SLK19, suggesting the existence of a spindle-based, 
multi-protein complex specifically responsible for separating sister chromatid arm loci (a 
cleavasome).  Consistent with the novel cleavasome hypothesis, sister centromere-proximal 
loci separation is unaffected by perturbation of ESP1 localization.  In addition to cohesion 
dissolution between sister chromatid arms, investigation of chromosome-spindle attachment 
was also performed using a conditionally functional centromere (GALCEN).  Classically 
annotated as completely non-functional when cells are grown on galactose, we find evidence 
of the GALCEN’s ability to signal the spindle assembly checkpoint and form weak, transient 
attachments to the spindle machinery capable of partitioning the GALCEN-containing 
chromosome between mother and daughter cells.  The investigations into the removal of 
sister chromatid cohesion from chromatid arms and the partitioning of the GALCEN 
chromosome contribute valuable insight into the process of chromosome segregation, 
advancing the field’s understanding of the mitosis.      
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PREFACE 
 
I started my university career at the University of Wisconsin-Madison.  As I 
transitioned into my studies at UW-Madison, I knew that I wanted to be in the sciences 
having been exposed to many interesting subdisciplines in high school.  I began with the 
intent to earn a degree in chemistry and was all but ready to declare it my major when I took 
my first biology course, Zoology 151.  The lecture and lab for this course had a section 
dedicated to plant biology, the content of which I found to be the most interesting science I’d 
seen.  It was then that I declared myself a botany major and started on a path that has led me 
to where I am today. 
 As a botany major at UW-Madison, I was required to do two semesters of lab 
research.  Having some extra time during my third year, I thought I’d try to get my foot in the 
door (and some money in my pocket) for this requirement by serving as an undergraduate 
work-study student.  To this end, I met with Dr. Edgar Spalding, the head of the Botany 
Department.  Over the course of a few meetings, we flushed out my interests in cell cycle 
progression and chromosome segregation.  Dr. Spalding referred me to Dr. Christopher Day, 
a new hire in the department working on cell cycle dynamics in trichome cells of Arabidopsis 
thaliana.  It was here that I got my first taste of primary research.  For the next year and a 
half I spent the time that I wasn’t in class, in the lab.  I learned cloning techniques, plant 
genetics, and microscopy.  I fell in love with not only the benchwork, but with the problem 
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solving aspect of research.  Posing a question and designing an experiment to answer that 
question is, to this day, one of my favorite parts of research.  After completing my senior 
thesis with Dr. Day, I stayed on as a lab technician after graduation.  For the next year I 
honed my scientific skills and thought process.  Spending a year doing nothing but research 
helped cement in my mind that this is what I wanted to do with my life.   
 Having convinced myself that my life would be in science, I applied to graduate 
school at the University of North Carolina at Chapel Hill.  The decision to attend UNC 
stemmed from my interest in the work of Dr. Gregory Copenhaver.  Dr. Copenhaver studied 
and studies meiosis in A. thaliana, which appealed to my interest in chromosome segregation.  
With my first rotation at UNC, Dr. Copenhaver welcomed me into his lab knowing that most 
of my time would be taken up by a teaching assignment.  Despite my extra-lab 
responsibilities, my time in Dr. Copenhaver’s lab was as fruitful as it was interesting.  I am 
truly thankful to have spent my first semester of graduate school with Dr. Copenhaver and 
his lab.  Dr. Copenhaver has remained in my life as a committee member and friend for my 
entire graduate school career.    
 I would have joined Dr. Copenhaver’s lab had it not been for the graduate school’s 
requirement of doing at least two first year rotations.  With little clue as to where to do my 
second rotation, I attended a talk given by Dr. Kerry Bloom.  In his talk, he used micrographs 
and models to convey the focus of his lab’s research, which was chromosome segregation in 
the budding yeast Saccharomyces cerevisiae.  Not only was the content of Dr. Bloom’s 
extremely interesting, but his enthusiasm for science was infectious.  After the talk, I knew 
where my second rotation was going to be.   
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 My time in Kerry’s lab began with a focus on how chromosome structure affected 
transcription with a side project dealing with the segregation dynamics of telomeres.  I 
quickly learned the importance of side projects, as I struggled to make any headway on my 
transcription project.  In contrast, tracking telomeres throughout the segregation process 
yielded very interesting results.  However, I failed to put these results into context until a 
fellow graduate student, Jeff Molk, made a movie that took my project to a new level of 
interesting.  While watching ribosomal DNA (rDNA) segregate, Jeff found interesting 
similarities between telomeres and rDNA in their paths of segregation.  Termed a segregation 
trajectory, both telomeres and rDNA arrays were drawn into the spindle axis before 
migrating poleward.  My graduate career was decided – I was going to dissect the 
mechanisms responsible for this segregation trajectory.   
 During my time in Kerry’s lab at UNC I have learned countless aspects of 
chromosome segregation and science as a whole.  Philosophies on science, as on life, are 
numerous.  My favorite can be summed up in a quote from fellow scientist, Thomas Edison.  
He said, “I have not failed.  I’ve just found 10,000 ways that won’t work.”  That quote 
incorporates the inevitable frustration that researchers will face and indispensible optimism 
that all researchers must have.  I have found many (many, many, many) ways in which 
experiments do not work.  Thanks to Kerry and those individuals in his lab, I have found 
many successes too.  It is those successes that I will remember. 
 This dissertation lays out many of the experiments that I have accomplished over my 
time at UNC.  With the first chapter I introduce key concepts and facts about chromosome 
segregation.  The entire process amazes me and the more I learn about it the more I want to 
research it.  The second chapter is my first, first author publication (Harrison et al, 2009).  
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This chapter is a narrative about my telomere-rDNA segregation trajectory project.  Being 
my first, first-author paper, it holds a special place in my heart.  The third chapter is a follow 
up to my first paper where I dissect the mechanism behind the segregation trajectory.  I am 
particularly proud of this work, because I see as when I came into my own as a scientist.  The 
fourth chapter focuses on a side project that has been on my back burner for several years.  
Though extremely interesting, I have not had the chance to develop this story to publish.  My 
hope is that I or an upcoming graduate student will have the time to see this project through.  
I close with a discussion of all my projects and my vision of where they could go. 
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CHAPTER 1 
INTRODUCTION 
 
Cell division is an indispensible process to the survival of all organisms.  During this 
process, identical copies of genetic information must be divided equally between two 
daughter cells to ensure the survival of each.  In some prokaryotes, this is accomplished by 
intracellular protein fibers pushing replicated genomes apart (Moller-Jensen et al., 2002; 
Garner et al., 2007).  In contrast, eukaryotes have developed complex cellular machines 
made up of a suite of proteins which serve to pull replicated genomes apart.  Despite 
significant differences in chromosome segregation, similarities in the segregation modes 
adopted by prokaryotic and eukaryotic organisms highlight fundamental requirements for the 
successful partitioning of genetic information into daughter cells.  In all systems, identical 
genomes need to be held together mechanically until the machinery is in place to move those 
genomes into daughter cells.  Once the segregation machinery is in place, resolution of these 
mechanical links between the identical genomes needs to be resolved to allow their proper 
partitioning into daughter cells.  The result of improperly executed chromosome segregation 
can be cell death or unregulated cell proliferation (cancer).  
Mistakes in the process of chromosome separation have profound effects on an 
organism.  In unicellular organisms, development of aneuploidy (the loss or gain of genetic 
information) can have deleterious effects on the cell and can even cause cell death.  In human 
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meiosis, failure of chromosome separation leads to loss or gain of chromosomes.  Loss of 
any autosome (non-sex chromosome) is lethal.  On the other hand, gain of only certain 
chromosomes is tolerated, though individuals with extra chromosomes show defects in 
mental, physical, and sexual development.  The most common form of non-lethal human 
aneuploidy is Down Syndrome.  People with Down syndrome carry an extra copy of 
chromosome 21 and display defects in mental development.  In mitosis, defects in 
chromosome segregation may be the cause of various human cancers.  Many types of cancer 
cells have been shown to contain abnormal amounts of genetic information, with some 
cancers associated with loss of genetic information while other cancers are associated with 
gain of genetic information.  Leukemias are commonly associated with the loss of the tumor 
suppressor gene cyclin dependent kinase inhibitor 2A (Cairns et al., 1995).  Sarcomas 
(cancers arising from bone, cartilage, and fat tissues) are associated with the gaining a 
portion of chromosome 12 harboring the gene encoding MDM2.  When amplified, MDM2 
prevents the tumor suppressor gene p53 from regulating cell proliferation (Oliner et al., 
1992).  Given that defects in chromosome segregation have profound effects on the human 
condition, it is important to understand every aspect of eukaryotic chromosome segregation.   
Ideally, the study of human cell lines would provide the information needed to prevent and/or 
treat imperfections in chromosome segregation.  However, human cells are very difficult to 
study scientifically.  Human cell lines grow/divide slowly, and are difficult to manipulate 
genetically.  They also have very complex chromosome segregation machinery, making it 
difficult to tease out the function of any one protein involved in segregation.  In contrast, the 
budding yeast Saccharomyces cerevisiae grows quickly, can be easily manipulated 
genetically, and has a simpler chromosome segregation machine than humans.  Many of the 
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key proteins involved in chromosome segregation are conserved from yeast to humans, 
suggesting that these highly divergent organisms utilize similar segregation strategies.  
Therefore, understanding the fundamental requirements for segregation in S. cerevisiae could 
help reveal many of the fundamental mechanisms in human chromosome segregation. 
To facilitate the study of chromosome segregation, researchers have developed countless 
tools and assays to track the efficiency of this process.  One of the most important tools 
developed for the study of chromosome segregation in live yeast cells is the lactose operator 
(lacO)/lactose repressor (lacI) system.  The lacO/lacI system makes use of the interaction 
between a specific DNA sequence not found in budding yeast (lacO) and the protein that 
binds to it (lacI).  To mark a specific chromosomal locus, an array of lacO repeats is 
integrated into the yeast genome.  lacI fused to the green fluorescent protein (GFP) is then 
expressed.  The lacI-GFP protein binds specifically to the lacO array and will fluoresce when 
the cell is exposed to light.  In addition to lacI, GFP and its color variants can be fused to 
other budding yeast proteins like those that make up the spindle machinery.  Therefore, using 
the tools available in budding yeast allows for the tracking of both specific chromosomal loci 
and the chromosome segregation machinery components in individual live cells. 
Using various chromosomal markers (the lacO/lacI-GFP system included) to track 
genomic loci throughout the cell cycle has helped uncover many key events in chromosome 
biology.  Pertinent to chromosome segregation, the cell’s manipulation of chromosomes 
during mitosis is of particular interest.   By definition, mitosis is a phase in the cell cycle 
during which replicated genetic information is equally divided into two daughter cells.  This 
complex chain of events has been divided into five phases, each defined by significant 
cellular events (Figure 1).  Prophase starts mitosis and is the phase in which replicated 
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chromatin condenses from a loosely coiled form into tightly packed chromosomes.  Each 
chromosome contains two sister chromatids which are identical copies of each other.  During 
chromatin compaction, the cell builds the backbone of its segregation machine called the 
mitotic spindle.  Made up of dynamic polymers called microtubules, the spindle contains two 
microtubule organizing centers from which microtubules emanate.  Due to the protein 
subunits they are made of, microtubules have an inherent polarity with the “minus” end 
embedded in the microtubule organizing center and the “plus” end emanating out.  
Immediately following chromosome replication, these microtubule organizing centers begin 
migrating around the nuclear envelop towards opposite ends of the nucleus.    
The next phase of mitosis, prometaphase, is delimited by attachment of chromosomes 
to the mitotic spindle. These attachments are mediated by specialized multi-protein 
complexes called kinetochores that assemble at unique DNA sequences called centromeres.  
Though not entirely understood, microtubules grown and shorten, eventually capturing 
kinetochores, forming the attachment between chromosome and the segregation machinery.  
In addition to the attachment of the chromosomes to the segregation apparatus, the 
microtubule organizing centers complete their migration to opposite ends of the nucleus 
becoming the poles of a bipolar spindle (Figure 1).  In some organisms, like humans, 
prometaphase also includes nuclear envelope breakdown during which the membrane 
encasing chromosomes throughout the cell cycle dissolves.  However, organisms such as 
budding yeast undergo what’s called a “closed” mitosis, in which the nuclear envelope 
remains intact throughout mitosis.   
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Figure 1 Mitosis.  
The phases of mitosis displaying chromosomes in blue and microtubules in green.  Prophase 
begins mitosis with the condensation of chromosomes.  Prometaphase sees chromosome 
condensation completed and microtubule organizing centers (green asters) near opposite ends 
of the nucleus.  Metaphase is when all chromosomes become properly attached to the bipolar 
spindle.  In anaphase, the spindle elongates and chromosomes are pulled apart.  Telophase 
sees sister chromatids completely separated into what will become two daughter cells.  
Images adapted from Rieder and Khodjakov, Science, 2003. 
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Following prometaphase is metaphase.  During metaphase, chromosomes are pulled 
by microtubules to a position between the spindle poles, equidistant from each (Figure 1).  It 
is pivotal to proper segregation of chromosomes that each sister centromere is attached to 
microtubules emanating from opposite poles (bioriented, see Figure 2).  Mal-attachment can 
lead to mis-segregation which can lead to cell death or unregulated cell proliferation (cancer).  
Due to the importance of properly attached chromosomes, the cell will stall mitotic 
progression in order to correct any malattached chromosomes during metaphase.  The cell 
stalls cell cycle progression by way of a signal cascade known as a checkpoint.  Several 
checkpoints have been identified throughout the cell cycle, but few are as well studied as the 
one monitoring proper chromosome-spindle attachment.  This particular checkpoint is called 
the Spindle Assembly Checkpoint (SAC).  Many of the proteins required for the checkpoint 
have been defined; however, debate is still ongoing as to whether the SAC monitors 
kinetochore-microtubule attachment or tension across sister centromeres.   
Once all chromosomes are bioriented, the checkpoint is satisfied and the cell will 
proceed into anaphase.  In anaphase, the spindle will elongate with microtubule organizing 
centers moving towards opposite ends of the cell (Figure 1).  Spindle elongation is mediated 
by motor proteins that bind to microtubules emanating from opposite spindle poles and 
“walk” towards their plus ends.  These motor-based forces serve to pull sister chromatids 
apart.  It is known that when sister chromatid separation progresses normally along an 
individual chromosome, sister centromeres separate first with the arms and ends of the 
chromosomes (telomeres) following after (Paliulis and Nicklas,2004; Straight and Murray, 
1997; Renshaw et al., 2010).  When quantitated, force production by the elongating spindle is  
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Figure 2:  Forces Involved in Chromosome Biorientation 
When a chromosome (black) is  properly attached to the spindle (made up of spindle poles in 
red and microtubules in green), a balance of forces is achieved between the outward, 
separating force of the spindle (Fs, green arrows) and the inward, cohesive force of sister 
chromatid cohesion (Fc, orange arrows).  In anaphase, the balance of forces is disrupted and a 
bias is introduced favoring the outward, separating force of the elongating spindle.      
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shown to be relatively weak (Nicklas, 1983), being unable to break chromatids if they were 
to resist separation (Figure 2).  Consistent with the conclusion of the spindle being a 
relatively weak apparatus, a single dicentric chromosome can cause mitotic spindles to stall 
and collapse (Thrower and Bloom, 2001).  This suggests that the evolution of the spindle 
machine prioritized chromosome integrity over spindle strength.   
Once the spindle has reached its full length with microtubule organizing centers at 
opposite ends of the dividing cell and sister chromatids completely separated, the cell enters 
telophase.  With sister chromatids at opposite ends of the dividing cell, the mitotic spindle 
begins to breakdown.  In cells that dissolve their nuclear envelops in prometaphase, new 
nuclear envelopes form around the two clusters of sister chromatids.  Chromatids also begin 
to decompact, making their genetic information more readily accessible for the next cell 
cycle.  With telophase complete the cell undergoes cytokinesis, during which the dividing 
cells complete their separation by pinching together the cellular membrane of the cell, thus 
delineating two daughter cells.   
There are hundreds of proteins involved in the progression of mitosis.  The cohesin 
complex is one of the most important as it is central to mechanically linking sister 
chromatids.  This multi-protein complex is made up of four proteins that are conserved from 
yeast to humans (Figure 3).  Two of them belong to the Structural Maintenance of 
Chromosome (SMC) family of ATPases, SMC1 and SMC3.  The other two proteins in this 
complex are aptly named Sister Chromatid Cohesion 1 (SCC1) and SCC3.  These four 
proteins were all identified as essential for establishing and maintaining sister chromatid 
cohesion (Michaelis et al., 1997).  It has been shown that these four proteins form a ring-like 
structure (Haering et al., 2002), with the long coiled-coil domains of the SMC protein
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Figure 3  The Cohesin Complex 
The subunits of the cohesin complex include SMC1, SMC3, SCC1 and SCC3.  The SMC1, 
SMC3, and SCC1 create a ring structure that encapsulates sister chromatids, mechanically 
linking them.  SCC3 associates with SCC1.  Arrows indicate sites in SCC1 cleaved by 
separase.  Image adapted from Nasmyth, Science, 2002. 
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making up a large part of the ring with SCC1 closing it (Figure 3).  SCC3 associates with 
SCC1, with its exact function still unknown.  How this ring mechanically links sister 
chromatids is still a source of debate.  Theories range from a single ring encapsulating both 
sister chromatids (Figure 4a) to a single ring encapsulating a single sister chromatid with the 
rings interacting (Figure 4, b and c). 
Cohesin dynamics throughout the cell cycle have been well studied.  Loading of 
cohesin has been shown to occur while chromosomes are being replicated.  This process is 
dependent on the Establishment of COhesion 1 (ECO1) protein (Toth et al., 1999), which is 
thought to load cohesin specifically at replication forks (Uhlmann and Nasmyth, 1998).  In 
budding yeast, cohesin molecules occur approximately every 10 kilobases (kb) of DNA, 
though they are not static (Laloyara et al., 2000; Glynn et al., 2004).  Cohesin rings can be 
moved along chromatids by DNA polymerases and it is theorized that this is why cohesin 
molecules are often found in regions of convergent transcription (Lengronne et al., 2004).  
Cohesin ring removal has been shown to occur in two ways.  In prophase, cohesin removal is 
regulated by the Polo-like Kinase (PLK1) (Sumara et al., 2000; Waizenegger et al., 2000; 
Hauf et al., 2005).  Though not very well understood, it is known that cohesin removal by the 
prophase pathway leaves all cohesin subunits intact.  The other mode of cohesin removal 
occurs upon anaphase onset.  Cohesin removal in anaphase depends on the protease separase, 
which cleaves the SCC1 subunit of cohesin, presumably opening the cohesin ring (Uhlmann 
et al., 2000).  Phosphorylation of SCC1 has been shown to make it a better target for 
cleavage, indicating a second level of regulation of cohesin removal (Alexandru et al., 2001).  
Both of these pathways of cohesin removal are present in human cells; however, only the 
separase-mediated mechanism has been uncovered in budding yeast. 
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Figure 4  Models for Sister Chromatid Cohesion Mediated by the Cohesin Complex 
(a) the strong ring model of sister chromatid encapsulation by cohesin.  In this model, a 
single cohesin complex forms a ring around both sister chromatids.  (b and c) weak ring 
models for sister chromatid encapsulation by cohesin.  In these models, a single cohesin 
complex encircles a single sister chromatid and two cohesin complexes interact to 
mechanically hold sister chromatids together.  Image adapted from Nasmyth and Haering, 
Annu. Rev. Genet., 2009.   
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There are several proteins that regulate the cohesin complex.  One such protein is 
ShuGOshin (SGO1).  Conserved from yeast to humans, this non-essential protein was 
originally found to protect cohesin molecules from cleavage at centromeres during meiosis 
(Kitajima et al., 2004).  More recent studies have found that SGO1 has a role in mitosis, 
perhaps also involving cohesin protection.  Localization analysis of this protein has found it 
to be along the entire chromosome in humans and enriched at centromeres (Nakajima et al., 
2007).  SGO1 functions to protect cohesin in meiosis through it’s interaction with Protein 
Phosphatase 2A (PP2A).  It is theorized that the SGO1/PP2A complex de-phosphorylates the 
SCC1 subunit of cohesin, making it resistant to separase cleavage (Xu et al., 2009).  Though 
the SGO1/PP2A mechanism has been shown to occur in meiosis, it is still unclear as to how 
SGO1 mediates chromatid cohesion in mitosis.   
As the protease responsible for the cleavage of SCC1, separase plays an important 
role in promoting sister chromatid separation thus making regulation of separase critical to 
the proper progression of the cell cycle.  Prior to anaphase, separase-dependent proteolysis is 
inhibited by the protein Precocious Dissociation of Sisters 1 (PDS1).  Upon anaphase onset, 
PDS1 is degraded and separase begins cleaving SCC1 (Cohen-Fix et el., 1996; Uhlmann et 
al., 2000).  In addition to cohesin removal and spindle elongation, separase promotes the 
activation of Cell Division Cycle 14 (CDC14), an essential protein that promotes anaphase 
progression (Sullivan and Uhlmann, 2003).  Separase activates CDC14 through some 
unknown mechanism, though its protease function is not required (Sullivan and Uhlmann, 
2003), suggesting that separase harbors functionality in addition to that of proteolysis.  
In addition to the role of separase in sister chromatid cohesion removal, it has been theorized 
that budding yeast separase is directly involved in spindle elongation due to its localization 
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pattern (Jensen et al., 2001).  Budding yeast separase, Extra Spindle Poles 1 (ESP1), localizes 
to the spindle poles and spindle midzone in anaphase and its protease function is required for 
spindle elongation (Jensen et al., 2001; Baskerville et al., 2008).  However, how ESP1 
mediates spindle elongation is still unclear.  It is known that ESP1 localization to the spindle 
requires the protein Synthetic Lethal with Kar3 19 (SLK19) (Sullivan and Uhlmann, 2003; 
Khmelinkii et al., 2007).  This non-essential protein was discovered in a genetic screen 
performed in yeast aimed at identifying other cleavage targets of ESP1 (Sullivan et al., 
2001), but no human homolog has been identified to date.  Since its discovery, SLK19 has 
been shown to form a complex with ESP1 in anaphase (Stegmeier et al., 2001; Sullivan and 
Uhlmann, 2003).  Beyond its interactions with ESP1, a specific function for SLK19 has yet 
to be elucidated.         
Though many aspects of chromosome segregation have been elucidated, key 
questions still remain.  Using budding yeast as a model, this work delves into the subjects of 
sister chromatid cohesion removal, spindle elongation, and the coordination of the two in 
anaphase.  Chapters 2 and 3 present evidence that cohesion between sister chromatid arms is 
removed at the spindle axis where ESP1 localizes.  ESP1 localization to the spindle axis 
depends on SLK19 and in the absence of SLK19 the coordination between sister chromatid 
arm separation and spindle elongation is disrupted.  In addition, chapter 3 explores the 
chromosome-microtubule attachment requirements by perturbing centromere function and 
tracking the unattached centromere through mitosis.  The investigations of chromatid arm 
cohesion removal and chromosome-spindle attachment give rise to new theories on the 
requirements for chromosome segregation.   
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CHAPTER 2 
PERSISTENT MECHANICAL LINKAGES BETWEEN SISTER CHROMATID ARMS 
THROUGHOUT ANAPHASE 
 
 This chapter is adapted from a publication in the journal Chromosoma (Harrison et 
al., 2009).  Irem Unlu and Sena Özşeker aided in the experiments and analysis of data for 
Figure 5.  I have performed the experiments for the remainder of the chapter and, together 
with Kerry Bloom,wrote the manuscript that was published.    
 
Summary 
 
In budding yeast, we have found sister rDNA arrays marked with fluorescent probes 
can be visualized as two distinguishable strands during metaphase.  Upon anaphase, these 
arm loci are drawn into the spindle, where they adopt a cruciform-like structure and stretch 
2.5 fold as they migrate to the poles.  Therefore, while sister rDNA arrays appear separated 
in metaphase, mechanical linkages between sister arm loci persist throughout anaphase in 
yeast, as shown in grasshopper spermatocytes (Paliulis and Nicklas, 2004).  These linkages 
are partially dependent on the protector of cohesin, SGO1.  In anaphase, the spatially 
regulated dissolution of these mechanical linkages serves to prevent premature sister 
separation and restrain the rate of spindle elongation.  Thus, sister separation is temporally 
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controlled and linkages between sister chromatids contribute to the regulation of anaphase 
spindle elongation.   
 
Introduction 
 
Metaphase chromatid arms are organized along their length into closely juxtaposed 
yet visibly distinct rods (Paliulis and Nicklas, 2004; Nakajima et al, 2007) until anaphase, 
when they segregate to opposite poles.  Though they are visibly distinct, sister chromatid 
arms are mechanically linked in metaphase.  Using microneedles to physically pull sister 
chromatid arms apart, Paliulis and Nicklas showed that cohesion is released gradually along 
the length of a chromatid arm during anaphase with sister centromeres being released first 
and sister telomeres last.  Thus mechanical linkage between sister chromatid arms persists 
until after anaphase onset (Paliulis and Nicklas, 2004), suggesting a spatial regulation of 
chromatid cohesion dissolution.  This feature of the temporal control of sister segregation 
might aid in chromosome arm segregation or perhaps act as a governor for the rate of spindle 
elongation.  
At the center of sister chromatid cohesion is the four-protein cohesin complex.  This 
complex is modified by several proteins, including SGO1 which resides at the centromeres of 
meiotic chromosomes in fission yeast (Kitajima et al, 2004).  Since its discovery, studies 
have localized SGO1 to the centromeres/kinetochore of both mitotic and meiotic 
chromosomes (Katis et al, 2004).  Emerging evidence suggests that SGO1 function extends 
to chromatid arms.  Mammalian SGO1 is present along chromosome arms from cells arrested 
in metaphase (Nakajima et al, 2007).  Additionally, chromatids from mammalian cells 
depleted of SGO1 using RNA interference (RNAi), and subsequently arrested in metaphase, 
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 display an increase in completely separated sister chromatids (Nakajima et al, 2007).  These 
pieces of evidence suggest SGO1 plays an essential role in cohesion maintenance along the 
length of sister chromatids throughout prometaphase and metaphase.  
Although morphologically distinct sister chromatid arms have been observed in 
higher eukaryotes, they have not been observed in budding yeast.   Unlike other eukaryotic 
systems, direct visualization of single chromosomes in live yeast cells is not possible using 
light microscopy.  Yeast chromosome visualization has been limited to the integration of lac 
operator (E. coli lacO) arrays that are bound by GFP-tagged lac repressors (lacI).  In live 
cells these arrays appear as diffraction-limited spots.  Unless these arrays are separated by 
more than 0.25 microns structural changes in sister chromatid separation may go undetected.  
Ribosomal DNA in budding yeast represents a unique region of the chromosome arm that 
can be exploited for visualization using fluorescent probes.  Using rDNA and telomere 
markers, this study dissects the role chromatid organization and cohesion play in spindle 
mechanics during metaphase and anaphase.        
 
Results 
 
Sister rDNA Repeat Arrays Appear as Visibly Distinct Strands in Metaphase 
To visualize the structure of mitotic chromosomes we utilized three probes for the 1.5 
Mb repeating array of ribosomal DNA (rDNA) on the arm of chromosome XII.  Two of the 
probes were  endogenous proteins tagged with a fluorescent protein.  One was the CDC14 
phosphatase and the other was CDC14’s binding partner NET1.  The third probe was a lacO 
array integrated into each repeat of the 35S gene within the rDNA locus.  The lacO arrays
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Figure 5  rDNA Segregation Trajectory in Mating Cells 
Strands of rDNA (labeled with Cdc14-GFP) from both wild-type parental types are 
distinguishable and lie perpendicular to the mitotic spindle in the first metaphase after mating 
(b, filled arrows).    In anaphase, strands elongate and adopt a cruciform-like structure (c).   
lac operator (lacO) arrays were integrated in the rDNA region of one parental type.  In 
metaphase these arrays can be seen as two bars lying perpendicular to the spindle (h, filled 
arrows).  In anaphase the bars elongate and adopt a half-cruciform-like structure (i).  In 
mated sgo1Δ cells Cdc14-GFP appears as a single strand during the first metaphase after 
mating (e).  In anaphase, rDNA strands destined for the daughter bud appear to stretch more 
than those that will stay in the zygote (f), but less than sister rDNA regions in SGO1 zygotes.  
Using lacO/lacI to visualize the rDNA locus in mated sgo1Δ strains show single strands of 
fluorescence during metaphase (k).  In anaphase, the lacO/lacI-marked rDNA sisters stretch 
less than sisters in SGO1 zygotes.  The kinetochore protein Nuf2-GFP (b and c, unfilled 
arrows) and the spindle pole body protein Spc29-RFP (e, f, h, i, k, and l, red foci), markers of 
spindle elongation, were used to distinguish metaphase from anaphase.  Scale bars in (a), (d), 
(g), and (j) represent 2 microns.  A schematic of the possible mechanism behind trajectory is 
shown in (m).  In metaphase, the chromosomes (black) are arranged such that rDNA regions 
(green) from each parental type lie on opposite sides of the spindle (m, top).  In anaphase, 
chromosomes take on a cruciform-like shape during their segregation (m, bottom).  Dashed 
lines represent chromosome arms.  (n) schematic of metaphase (top) and anaphase (bottom) 
of sister rDNA arrays in sgo1Δ zygotes.  Sister rDNA arrays do not get organized leading to 
visually indistinguishable sisters in metaphase.  In anaphase, cohesion between sister rDNA 
arrays is decreased in these zygotes and less stretching occurs.  
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Figure 6 rDNA Segregation Trajectory in Mating Cells Tracked Using CDC14-GFP 
and SPC29-RFP 
(a) Trans image of zygote. (b) Metaphase with CDC14 in green and SPC29 in red. (c) 
Anaphase. Scale bar in (a) represents 2 microns. 
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Figure 7 rDNA Segregation Trajectory in Mating Cells Tracked Using NET1-GFP and 
SPC29-RFP 
(a) Trans image of zygote. (b) Metaphase with NET1 in green and SPC29 in red.  
(c) Anaphase. Scale bar in (a) represents 2 microns. 
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were visualized with lacI-GFP.  Cells containing CDC14-GFP, NET1-GFP or lacO/lacI-GFP 
were mated to cells containing a fluorescently tagged core kinetochore component (NUF2-
GFP) or spindle pole body protein (SPC29-RFP).  Surprisingly, when using CDC14-GFP or 
NET1-GFP to mark the rDNA array during the first mitosis after mating, rDNA arrays from 
both mated cells are observed (Figure 5b, Figure 6b, Figure 7b).  This is most likely due to a 
mobile fraction of CDC14-GFP and NET1-GFP.  When using lacO integrations to mark the 
rDNA locus, only one of the mated cells contains the lacO integrations and thus we observe 
only one pair of fluorescent strands (Figure 5h).  With all probes, rDNA arrays appear as 
distinct filaments along an axis perpendicular to the mitotic spindle in the first mitosis after 
mating (Figure 5b and h, closed arrows; Figure 6b, Figure 7b).  Strands were visible before 
spindle elongation (Figure 5, Figure 6, Figure 7).  Fluorescent strands visualized with 
CDC14-GFP are separated on average by 0.53 +/- 0.26 μm, strands marked by NET1-GFP 
were separated by 0.40 +/- 0.12, and strands marked using the lacO integrations are separated 
by a distance of 0.40 +/- 0.07 μm (Table 1, Table 3).  The length of the CDC14-GFP strand 
was 1.86 +/- 0.52 μm, NET1-GFP strands were 2.04 +/- 0.50, and lacO strands were 1.12 +/- 
0.22 μm (Table 2, Table 4).      
The appearance of rDNA strands prior to anaphase is not unique to the first 
metaphase after mating.  Using lacO arrays integrated at every repeat within the rDNA locus 
we have observed this region during vegetative mitosis by inducing expression of lacI fused 
to GFP.  In metaphase, this rDNA probe can appear as strands of fluorescence (Figure 8b).  
As the spindle elongates, the rDNA takes on a half-cruciform-like structure (Figure 8c).   
Previous studies have observed the rDNA array adopt a “loop-like” structure in G2 
and metaphase (Guacci et al, 1994; Lavoie et al 2004; Sullivan et al, 2004; Machin et al,
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Figure 8  Segregation Trajectory in Vegetative Cells 
rDNA was visualized in vegetatively growing cells using lacO arrays integrated into the 
rDNA region.  In metaphase cells, bars can be seen approximately 0.55 μm from the spindle 
axis (B, arrow heads).  The spindle pole protein Spc29-RFP was used to mark spindle length 
and monitor the progression from metaphase to anaphase.  In anaphase, the rDNA elongates 
and adopts a half-cruciform-like structure (C).  Sequential time-lapse images of a lacO array 
integrated at the telomere of chromosome III are shown in panels 0-4 (images taken at 1 min 
intervals).  Sister lacO arrays appear as single focus 0.8 μm from spindle axis (panel 0) and 
migrate towards the spindle axis in panels 1-2 as the spindle elongates.  Upon reaching the 
spindle axis, lacO arrays separate (panel 3) each moving toward its respective spindle pole 
until the pole is reached (panel 4).  When panels 0-4 are combined into a composite image, 
the entire telomere segregation trajectory can be seen (0-4 Composite).  A diagram of the 
segregation trajectory is shown in panel 6.  Scale bars in (a) and (0) represent 2 microns.   
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 2005).  These studies propose that the sister rDNA arrays are not resolvable prior to 
anaphase onset, but instead each sister forms a loop-like structure.  If the rDNA array adopts 
a loop-like structure, one prediction is that the loop would be observable before and after 
DNA replication. To test this prediction, we have developed an assay to identify the moment 
of DNA replication within a single cell.  Using a strain containing lacO integrations in every 
repeat of the RDN1 multigene locus, we measured the integrated intensity of lacI-GFP signal 
at two points in the cell cycle.  In a large-budded cell with lacO arrays at the poles we 
observed a mother/daughter (bud) ratio of 0.91 (Table 11) indicating that these fluorescent 
signals represented equal amounts of DNA.  After cytokinesis and bud emergence the 
mother/daughter ratio increased to 1.74 (Table 11).  Thus, the mother cell now contained 
almost twice the fluorescence (in concordance with the doubling of rDNA content).  The 
loops/strands are only observed following replication.   
To address whether both sister chromatids are organized in a single loop, we have 
performed a fluorescent bleaching assay.  Using a laser pulse, we specifically bleached a 
single fluorescent strand of NET1-GFP in metaphase (Figure 9).  After following the zygote 
through anaphase, the bleached strand was found in only the mother cell OR the daughter 
cell, depending on which strand was bleached.  This data suggests that the resolvable strands 
in metaphase are sister rDNA arrays. 
Segregation Trajectory and Stretching of the rDNA Repeat Array During Anaphase 
We have followed DNA segregation through anaphase of the first zygotic 
division after mating in wild type cells.  The most striking characteristic of sister rDNA 
array segregation is their adoption of a cruciform-like structure in mid-anaphase (Figure 
5, c and i, Figure 6c, Figure 7c).  It is in the cruciform stage that strands become 
elongated beyond their “rest” length in metaphase.  The stretching of the mother-bound 
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Figure 9  Tracking a Single Strand of NET1-GFP Fluorescence Through Mitosis 
A single strand of Net1-GFP was marked by bleaching a section. (b) shows the 
strand pre-bleach and the arrow head in (c) points to the bleached region. After 
anaphase, the bleached region is found on one strand in the daughter cell (d, arrow) and 
not on either strand in the mother cell  (n = 8). The scale bar in (a) represents 2 μm. 
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sister is slightly less than that of the daughter-bound sister.  Based on CDC14-GFP, 
NET1-GFP and lacO/lacI-GFP visualization, mother-bound arrays stretched 1.44, 1.41 
and 2.15-fold their rest length in metaphase, respectively.  Daughter strands stretched 
2.91, 2.13 and 2.09-fold (Table 6, Table 8).  The segregation trajectory and extension of 
sister rDNA arrays during anaphase suggests that rDNA strands are mechanically 
linked in anaphase even though they appear as individual strands in metaphase.       
Sister telomere-proximal lacO arrays follow a segregation trajectory and rapidly 
migrate to their respective poles in anaphase 
To characterize the separation of sister telomeres, we measured the separation 
kinetics of a telomere-proximal lacO array using Spc29-RFP to track spindle elongation.  
Prior to spindle elongation, the sister lacO arrays appear as a single diffraction-limited spot 
displaced from the spindle axis (defined by Spc29-RFP foci) by 0.8 μm.  After anaphase 
onset, as the spindle elongates, the average distance between the spot and the spindle axis 
decreases but sister lacO arrays cannot be visibly distinguished.  Sister lacO arrays first 
appear as two spots when they are within 0.5 μm of the spindle axis, approximately 100 sec 
after the initiation of spindle elongation.   An example of this segregation trajectory is shown 
in Figure 8.  Images in panels 0-4 were taken at 1 min intervals.  After anaphase onset and 
seconds prior to their appearance as two spots, sister lacO arrays are not equidistant from the 
spindle poles.  Sister lacO arrays are closer to one of the spindle poles, but there is no bias as 
to mother or daughter (5/11 fast acquisition movies of anaphase show sisters closer to the 
mother pole, 6/11 show sisters closer to the daughter pole).  The delay between the initiation 
of spindle elongation and the appearance of visibly distinct sister telomeres suggests that 
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Figure 10  Sister Telomere-proximal lacO Array Separation Kinetics 
Kymographs showing sister telomere separation (green) and spindle pole body separation 
(red) are shown in (a) and (b).  (a) depicts an SGO1 cell, (b) depicts a sgo1Δ  cell.  Anaphase 
is evident from the increasing distance between the spindle poles.  In SGO1 cells, telomere 
III lies between the poles and separates 100 sec after anaphase B initiation.  The steeper slope 
of the green line in (a) relative to the red line depicts the rapid separation of sister telomeres.  
sgo1Δ mutants show sister telomere separation prior to anaphase onset as shown by the 
thickness of the green line in (b).  Shortly before pole-ward migration, sister telomeres are 
indistinguishable in this particular sgo1Δ cell.  Sister separation in sgo1Δ mutants occurs at a 
rate 1.5X slower than SGO1 cells.  The rate of spindle elongation in sgo1Δ mutants is 1.6X 
that in SGO1 cells as shown by the steeper slope of the red line in (b).  Graphical 
representations of (a) and (b) are seen in (c) and (d), respectively.  The distances between 
spindle pole bodies (red) and distances between sister lacO arrays (green) were measured 
over time. 
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sister telomeres are mechanically linked after anaphase onset and is consistent with the 
observation of TEL-linked lacO arrays initiating pole-ward migration after CEN-linked lacO 
arrays (Straight et al, 1997).  This also indicates that sister telomeres are not separated upon 
anaphase onset or that they are separated but closer than the limit of resolution in the light 
microscope.  Once juxtaposed on the spindle axis, sister lacO arrays rapidly separate at a rate 
of 2.96 +/- 1.08 μm/min (Table 9).  The rate of telomere separation is approximately 5 times 
faster than spindle pole separation (0.58 +/- 0.19 μm/min) over the same period.  Rapid 
separation of telomeres suggests that pole-ward migration of the telomeres is not mediated 
solely by spindle elongation.  This also suggests that chromatid arms are under tension 
during anaphase.   
Fewer sister rDNA arrays appear as separate strands prior to anaphase in sgo1Δ cells  
To investigate the role SGO1 plays in the structure and/or mechanical linking of sister 
rDNA arrays we imaged the rDNA locus in zygotes whose haploid parents were null for the 
SGO1 gene.  During metaphase, zygotes in which both parent haploid strains are sgo1Δ 
display a much different rDNA array structure compared to SGO1 zygotes when probed with 
CDC14-GFP or rDNA-imbedded lacO arrays marked by lacI-GFP.  In metaphase, sister 
rDNA arrays in the sgo1Δ background appeared as a single strand of fluorescence in 93% of 
zygotes.  The length of these strands is not statistically different from strands seen in SGO1 
zygotes (Table 2). 
The appearance of one strand could be due to a failure to replicate the rDNA array.  
To determine whether or not replication occurred, integrated intensity ratios of mother to 
daughter were used as previously described.  As in wild type cells, an increase in 
fluorescence intensity is observed in mother cells after bud emergence (Table 11).  However, 
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after replication and before metaphase (as tracked using spindle pole separation), only 31% 
of sister rDNA arrays appeared as separated strands in sgo1Δ cells as compared to 63% of 
SGO1 cells (Table 11).  Therefore, in the absence of SGO1, the ability to visualize distinct 
sister rDNA arrays is reduced.  There are two possible explanations for this phenotype; 1) 
either sister strands are more tightly linked along their length or 2) sister strands are 
separated, but not organized into two longitudinal rods; i.e. they may be separated but 
entangled.    
Sister rDNA arrays display decreased stretching in sgo1Δ zygotes 
To determine whether the observation of single strands of rDNA in sgo1Δ cells is due 
to more tightly linked sister loci or entangled rDNA arrays, we followed sister rDNA arrays 
through anaphase in the absence of SGO1.  If sister rDNA arrays were more tightly linked in 
the absence of SGO1, we would predict that the amount of stretch of sister rDNA arrays 
would increase compared to wild type zygotes due to an increase in the amount of tension on 
the rDNA array.  However, if the sister rDNA arrays were separated but entangled, we would 
predict a decrease in stretching compared to wild type zygotes.  Visualization of the rDNA 
arrays was accomplished using both CDC14-GFP and rDNA-embedded lacO arrays bound 
by lacI-GFP.  During anaphase in sgo1Δ zygotes, sister rDNA arrays adopt a cruciform-like 
structure.  Compared to wild type sister rDNA array separation, there is a decrease in the 
extent which sisters are stretched.  Mother-bound strands in sgo1Δ cells were 0.96 and 0.97 
(visualized by CDC14-GFP and lacO/lacI respectively) times their length in metaphase while 
daughter-bound rDNA arrays extended 1.58 and 1.23 fold their metaphase lengths (Table 6).  
Based on this data, we conclude that there are SGO1-dependent linkages between sister 
rDNA arrays.  This is consistent with previous data that has shown sister chromatid linkage is 
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lost in SGO1-depleted cells (Nakajima et al, 2007).  In addition, we conclude that sister 
rDNA arrays appear as a single strand in metaphase in the absence of SGO1 because they are 
entangled, not because they are more tightly linked.   The decrease in organization and 
mechanical linkage in sgo1Δ cells could lead to the increase in non-disjunction also 
associated with SGO1 deletion (Kitajima et al, 2004).   
Sister telomere-proximal lacO arrays exhibit a reduced rate of separation in sgo1Δ cells 
To investigate whether SGO1 plays a role along the entire length of a chromosome 
arm, we deleted SGO1 in cells containing a telomere-proximal lacO array and Spc29-RFP to 
mark the spindle poles.  When spindle poles were approximately 1.5-2 μm apart (metaphase), 
sister lacO arrays appeared as two spots, evidence that sister telomere cohesion had been 
perturbed.  In 36% (4 of 11) of sgo1Δ cells, sister telomeres did appear as one spot for more 
than one frame of the time lapse.  This appeared to be a stochastic event, with no correlation 
to spindle length or the timing of anaphase onset.  During anaphase, sister telomere 
separation is approximately 1.5-times slower in sgo1Δ cells compared to SGO1 cells (Table 
9).  We conclude that SGO1 plays a role in mechanically linking sister telomeres during 
metaphase and anaphase.  This result also suggests that although we cannot visibly 
distinguish sister rDNA strands in a sgo1Δ background during metaphase, individual sister 
loci within the rDNA are likely to be separated.  The failure to visualize the separation 
between sister rDNA arrays may be due to geometry, that is sister loci of the rDNA array are 
not organized longitudinally into rods.     
If the rapid separation of sister telomeres is dependent on mechanical links between 
sister telomeres, then abolishing all sister-sister links should abolish the rapid movement of 
the telomeres.  To test this, we observed the dynamics of an unreplicated telomere during 
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spindle elongation.  This was achieved by placing CDC6 under the control of the GAL 
promoter.  CDC6 is an essential member of the pre-replicative complex responsible for 
initiating replication.  Cells depleted of CDC6 manage to elongate their spindles, randomly 
segregating their unreplicated chromosomes (Piatti et al, 1995).  To directly compare the 
dynamics of replicated telomeres to unreplicated telomeres, lacO spot to pole movement was 
measured over time.  This measurement was called the recoil rate.  In wild type cells, the 
average recoil rate was 3.52 μm/min.  Telomeres in cells depleted of CDC6 show no 
quantitatable recoil (Figure 11e, Table 10).  A lacO spot representing an unreplicated 
telomere appeared to associate with the mother or daughter spindle pole, not moving more 
that 1.5 μm from it (Figure 11e).  Based on these dynamics, we conclude that the mechanical 
links between sister telomeres are required for rapid telomere-to-pole movement.    
Mechanical linkage between sister chromatids restrains spindle elongation 
The stretching observed during rDNA array segregation in anaphase suggests that the 
chromatid arm is under tension.  This tension indicates that the mechanical links between 
sister chromatid arms oppose the outward force of the spindle.  To examine the effect of 
sister chromatid arm cohesion on spindle elongation, we quantitated and compared the 
average spindle elongation rate of wild type, sgo1Δ, and CDC6-depleted cells.  We found 
that the rate of spindle elongation during anaphase in sgo1Δ cells is approximately 1.6 times 
that in wild type (0.92 +/- 0.23 μm/min versus 0.58 +/- 0.19 μm/min).  In the complete 
absence of sister-sister links (following CDC6-depletion), spindles elongate to greater than 5 
μm in length at an average rate of 3.46 μm/min (Figure 11f, Table 10).  This rate is 
approximately six times faster than the fast phase of wild type spindle elongation and almost 
4 times faster sgo1Δ spindle elongation (Table 9 and Table 10).  Additionally, we do not see
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Figure 11  Spindle and Telomere-proximal lacO Array Kinetics with Replicated and 
Unreplicated Chromosomes 
(a) and (b) are images of a telomere-proximal lacO (green) in metaphase and anaphase, 
respectively (Spc29 shown in red).  (c) and (d) are metaphase and anaphase images of the 
same lacO array in a cell depleted of Cdc6.  (e) Solid line represents eleven recoil events in 
cells with replicated chromosomes.  The distance between the lacO spot and spindle pole 
decreases rapidly over time.  Dotted line represents lacO spot to spindle pole distance in cells 
with unreplicated chromosomes.  Tracks of unreplicated lacO array to pole distances taken 
while spindle is elongating as in cells with replicated chromosomes.  Unreplicated telomeres 
show no rapid movement towards either pole.  (f) Composite graph of spindle elongation 
from cells with replicated chromosomes (solid line).  Dotted line is a composite graph of 
spindle elongation in cells with unreplicated chromosomes.  Spindle elongation rate is greater 
in these cells than both wild type and sgo1Δ cells.   
   
45 
 
the stereotypical two-phases of spindle elongation (Pearson et al, 2001) in sgo1Δ or CDC6-
depleted cells.  We conclude that the spatially regulated release of inter-sister links act as a 
governor, controlling the rate of spindle elongation.  Furthermore, a subset of the inter-sister 
links depend on SGO1.  
 
Discussion 
 
Visibly distinct sister chromatid arms have been observed in many eukaryotes prior to 
anaphase onset.  Termed individualization in metazoans, sister chromatid arm separation 
prior to anaphase onset is a result of the removal of cohesin in prophase (Waizenegger et al, 
2000; Sumara et al, 2000, 2002; Gimenez-Abian et al, 2004). Despite the appearance of 
separated sister chromatid arms, there remain physical linkages throughout anaphase (Paliulis 
and Nicklas, 2004).  The data herein demonstrates that yeast sister rDNA arrays, loci located 
on chromatid arms, can also be visibly distinguished, but are mechanically linked in vivo. 
These residual linkages are partially dependent upon the protector of cohesin, SGO1, and 
serve a mechanical role in anaphase spindle elongation.  
The ribosomal DNA locus is organized into visible rods following replication in 
budding yeast (Figures 5, 6, 7, and 8). These rods are 1-2 microns in length in metaphase, 
reflecting a 300-500-fold compaction of B-form rDNA (Table 2). The strands stretch 2.5 
times their metaphase length as they reach the anaphase spindle and segregate to opposite 
poles. While resolvable sister loci are not observed outside rDNA prior to anaphase onset, a 
similar cruciform-like segregation trajectory of chromosome arm loci is observed as well as 
rapid recoil of these loci to the poles. Thus both rDNA and chromosome arms are under 
tension as they approach the anaphase spindle, indicative of persistent mechanical linkages. 
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These linkages are partially dependent upon the “protector” of cohesin, SGO1.  The rDNA 
loci no longer appear as two visible rods in the absence of SGO1.  The inability to observe 
two strands could result from the lack of separation or from twists and/or entanglements 
between sister rDNA arrays.  The observation that sister telomeres appear as two distinct 
spots in sgo1Δ mutants indicates that these sister loci are separated in these mutants.  
Consistent with this, sister telomeres exhibit reduced recoil during anaphase in sgo1Δ cells. 
Thus SGO1 not only plays a role in sister chromatid cohesion, but also provides a scaffold 
for organizing sister chromatid arms into separated rods prior to anaphase.   
As the spindle elongates, mechanically linked sister arm loci follow a stereotypic 
trajectory to the spindle axis whereupon the chromatin stretches approximately 2.5 fold.  
Thus residual linkages are retained until the arm becomes proximal to the spindle axis. At 
this time, the linkages are removed, as evidence by the rapid recoil (greater than the rate of 
spindle elongation) of sister telomeres to the spindle poles.  This step-wise, spatially 
regulated removal of sister chromatid cohesion results in tension on chromatid arms.  When 
the last mechanical link between sister chromatid arms is removed at the telomere, tension is 
relieved and the elastic properties of chromatin mediate a rapid migration of sister telomeres 
to their respective poles.  The spatial regulation of sister chromatid arm cohesion dissolution 
is likely to contribute to the mechanisms that prevent entanglement of chromosome arms.   
In addition to the stretching of chromosomes in anaphase, we have found that loss of 
SGO1-dependent mechanical linkages between sister chromatid arms leads to an increased 
rate of spindle elongation.  In sgo1Δ mutants, the anaphase spindle elongates approximately 
2 times the rate of wild-type spindle elongation. In cells containing unreplicated 
chromosomes, spindles elongate 3-4 times faster than sgo1Δ cells and 6-8 fold faster than 
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wild type cells.  Taken together, this data suggests that the elongating (anaphase) spindle 
produces an outward force on sister chromatids that is opposed by mechanical links between 
sister chromatids.  The SGO1-dependent linkages that are present after anaphase onset 
contribute to a restraining force that controls the spindle elongation.  Also, the difference 
between the rate of spindle elongation in a sgo1Δ mutant versus a CDC6-depleted cell is 
strong evidence for the existence of SGO1-independent linkages between sister chromatids, a 
matter discussed below.  
Cohesin is present at the rDNA locus (Laloraya et al, 2000) and is responsible for 
sister telomere cohesion (Antoniacci and Skibbens, 2006).  Additionally, cohesin can 
exchange between chromatin-bound and unbound states (Ocampo-Hafalla et al, 2007).  
SGO1 has been shown to be a “protector” of cohesin at centromeres in meiosis and mitosis.  
Thus it is possible that SGO1 functions to stabilize and/or protect the bound form of cohesin 
at the rDNA array and telomeres during mitosis.  If SGO1 does function through the cohesin 
complex, then removal of SGO1-dependent linkages would depend on separase.  
Interestingly, separase localizes to the spindle axis during anaphase (Jensen et al, 2001).  
This would explain why sister arm loci are observed to juxtapose to the spindle axis prior to 
pole-ward migration.  In zygotes, it’s possible that separase localization along the spindle 
axis is biased towards the mother, which would contribute to an increase in daughter-bound 
rDNA array stretching compared to their mother-bound sisters.    
Though SGO1-dependent linkages do contribute to sister rDNA array stretching and 
resisting spindle elongation in anaphase, we do find evidence that suggests SGO1-
independent mechanical linkages between sister chromatid arms also exist.  In sgo1Δ 
mutants, daughter-bound sister rDNA arrays still show a mild stretching phenotype (Tables 
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5-8).  Also, though sgo1Δ mutants exhibit an increase in rate of spindle elongation 
presumably by disrupting a subset of mechanical links between sister chromatids, completely 
abolishing all mechanical links between sisters via CDC6-depletion increases the rate of 
spindle elongation to 4 times that in sgo1Δ mutants.  These two observations are consistent 
with previous studies which have shown that inter-sister chromatid DNA catenations exist 
from replication to anaphase onset (DiNardo et al, 1984; Holm et al 1988, Gimenez-Abian et 
al, 2002).  Other studies have found that inter-sister catenations at the rDNA array are 
introduced by RNA polymerase I (Tomson et al, 2006).  Some of these inter-chromatid links 
have been shown to be resolved by topoisomerase II in a process independent of the separase 
inhibitor PDS1 (Andrews et al, 2006).  Cohesin-independent linkages at the rDNA array have 
been shown to be resolved by a CDC14-dependent localization of condensin (D’Amours et 
al, 2004; Sullivan et al, 2004; Wang et al, 2004).  Thus, both cohesin-dependent and cohesin-
independent mechanisms serve to mechanically link sister chromatids until anaphase onset.   
Based on these observations, we put forth the model depicted in Figure 12.  
Immediately after replication, sister chromatids are not resolved in the light microscope.  
During prometaphase and metaphase, sister arms are organized and can appear separated.  
SGO1 is responsible for protecting a subset of mechanical linkages at arm loci, possibly 
through cohesin. Based on the observations of rDNA herein and sister chromatid arms in 
mammalian cells, SGO1 may also contribute to a physical scaffold that separates and aligns 
chromosome arms into two distinct structures prior to anaphase onset.  This scaffold 
functions to both organize and mechanically link sister chromatid arms.  The function of such 
a scaffold may be critical in preventing the arm entanglement that would occur if all linkages 
between sister chromatids were simultaneously severed. The residual mechanical linkages
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Figure 12  Chromosome Morphology Throughout Metaphase and Anaphase 
In the presence of SGO1, sister chromatid arms (black) are arranged as morphologically 
distinct and mechanically linked rods in metaphase.  Blue circles represent the Cse4-
containing nucleosome at the centromere.  When bound by GFP (green circles), the 
chromatid arms appear as separated strands (SGO1/Metaphase, inset box).  In anaphase, the 
elongating spindle applies an outward force on sister chromatids.  SGO1-dependent links 
(orange rings) along with SGO1-independent links (depicted as DNA catenations) between 
sister chromatids participate in opposing the outward force of the spindle.  The opposing 
forces introduce tension on the chromatid arm (SGO1/Anaphase, dashed line in inset box).  
The spatially regulated release of mechanical links between sister chromatid arms also causes 
them to adopt a cruciform-like structure during anaphase.  In the absence of SGO1, sister 
chromatids fail to organize into morphologically distinct rods.  When visualized using GFP, 
this unorganized state of sister chromatid arms appears as a single strand (sgo1Δ/Metaphase, 
inset box).  During anaphase in sgo1Δ cells, a subset of mechanical links between sister 
chromatid arms are perturbed.  This lessens the inward force opposing spindle elongation and 
sister chromatid arms are put under less tension. 
provide a mechanism to prevent sister chromatid entanglements and to restrain spindle 
elongation.  Thus the temporal and spatial regulation of sister chromatid separation impacts 
both chromosome organization and spindle mechanics to ensure the fidelity of chromosome 
segregation in mitosis.   
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Materials and Methods 
 
Strain Construction 
Strain MH3341 was created by transforming YPH499 with p5lacOTtLSU and 
pCPIPpo (Lin and Vogt, 1998) and plated on –URA –HIS + 2% glucose to select for 
plasmids. Colonies were restruck on –URA –HIS + 2%galactose to induce I-PpoI 
endonuclease to cleave within each rDNA repeat. Gal-resistant colonies were screened for 
gene conversion off p5lacOTtLSU by colony PCR. Southern blot analysis verified 5lacO 
construct within all rDNA repeats. Strains cured of both plasmids by nonselective growth. 
Lastly, strains were transformed with linearized pMH4, selected on -ura+2%glucose, and 
subsequently verified by Southern to target pGal-GFP-lacI (lacI dimerization form) to ura3-
52 locus. p5lacOTtLSU was constructed in two steps: 1) PCR off pCM40 to produce 296-bp 
fragment with five lacO binding sites with ClaI linkers 2) cloned PCR fragment into unique 
ClaI site of pRSTtLSU (Lin and Vogt, 1988). 
Growth Conditions 
The S. cerevisiae strains used in these experiments are listed in Table 27.  Strains 
with stable integrations were maintained in YPD (2% glucose, 2% peptone, and 1% yeast 
extract) at 32oC.   
To induce lacI-GFP-NLS, cells were resuspended in synthetic media containing 
glucose (0.67% yeast nitrogen base, 2% glucose, and appropriate amino acids) and lacking 
histidine (SD-HIS) for ~2 h before adding 20 mM 3-aminotriazole (Sigma-Aldrich) for 1 h.  
Induction steps performed at 32oC.  All cells were grown to midlogarithmic phase before 
preparation for imaging.  
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Depletion of CDC6 was achieved by arresting an asynchronous culture growing on 
SG-His using 0.2 μm/ml nocodazol.  After 1 hr in SG-His plus nocodazol, cells were 
collected, washed, and re-suspended in SD-His plus nocodazol.  After 1 hr, nocodazol was 
washed out and cells were re-suspended in fresh SD-His.  Cells were imaged 2 hrs after 
release.  All growth carried out at 32oC. 
MATa and MATα cells were grown to early to mid-exponential phase in YPD at 
32oC.  500 μl of cells from each mating type were mixed, transferred to a 1 ml syringe, and 
collected on a 13 mm, 0.45 μm membrane (Millipore, Billerica, Massachusetts).  In matings 
that required induction of  pGalL-GFPlacI all media post-collection contained galactose.  
Media used for other matings contained glucose.  The membrane was placed on a 60 X 15 
mm YPD plate with collected cells facing the plate.  Cells were allowed to mate for 120-180 
min at 32oC before imaging.  Cells were liberated from the membrane by placing membrane 
in a 1.7 ml Eppendorf tube containing 100 μl of yeast complete media and vortexing.    
Imaging Conditions 
Live-cell images of cells requiring induction of pGalL-GFPlacI were collected using 
cells immobilized on 25% gelatin slabs containing 2% galactose.  All other cells were 
imaged on 25% gelatin slabs containing 2% glucose.  Image acquisition was carried out 
using a TE2000 microscope (Nikon, East Rutherford, NJ) with a 1.4 N.A., 100X differential 
interference contrast (DIC) oil-immersion lens. Images were acquired with an ORCA II ER 
CCD camera.  MetaMorph 4.6 software (Molecular Devices, Downington, Pennsylvania) 
controlled the microscope as it executed an acquisition protocol taking 5 fluorescence images 
every minute at 0.5-μm axial steps and a single DIC image corresponding to the central 
fluorescence image.  Exposure times ranged from 300-400 ms.  For fast acquisition of 
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telomere-proximal spot separation, single plane DIC and fluorescent images were taken at 10 
sec intervals using 300-400 ms exposure times. 
Bleaching of NET-GFP was done using a Spectra Physics Advantage 163C Air-
cooled Ion Laser.  Three 50 ms pulses of a focused beam were used to bleach a region of the 
fluorescent strand.  The beam was filtered to allow only the 488 nm wavelength light to pass 
through to the sample.  Immediately before and immediately following laser exposure, five 
plane fluorescence Z-series were taken to confirm the bleaching event. 
Image Analysis and Creation 
Distances were measured using Measure Pixel tool in MetaMorph 4.6 software.  To 
correct for random errors, each frame stack analysis was repeated three times.  Data sets were 
exported into Microsoft ExcelTM (Microsoft, Richmond, Washington) for analysis.  Rapid 
telomere separation was defined as at least 3 consecutive time points of spot separation 
during which the distance between spots increased.  Rapid separation ended with the first 
time point of decreased distance between spots or a 6 fold decrease in rate.  Linear regression 
plots were drawn through data points and the slopes were used to determine rates of 
separation.  The average for all observed separation events was calculated.   Distance 
between rDNA strands was determined using the Linescan tool in Metamorph 4.6.  Linescans 
were drawn perpendicular to the rDNA filaments allowing for the identification of two 
fluorescence peaks. The distance between the peaks was then calculated.   
The kymograph was created using MetaMorph 4.6 software.  It was used to project all 
data points for an entire collected sequence of anaphase movements at 10 second intervals.  
Prior to kymograph creation, the spindle axis was aligned to a horizontal axis in each image 
of the time lapse image series using MATLAB-based (The Mathworks, Inc., Natick, 
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Massachusetts) software developed in house by Ajit Joglekar.  A region 5 pixels wide was 
drawn through the long axis of the mitotic spindle and the brightest pixel was recorded on a 
single line.  This was repeated for each time point and was displayed along the X axis to 
show the entire time course.  Schematics of chromosome segregation were created using 
CorelDRAW 11. 
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CHAPTER 3 
SPINDLE LOCALIZATION OF THE ESP1/SLK19 COMPLEX IS REQUIRED FOR THE 
EFFICIENT SEPARATION OF SISTER TELOMERS 
 
The work described in this chapter will form the basis of a manuscript to be submitted 
in the fall/winter of 2010.  I have performed all of the experiments and data analysis 
contained in this manuscript.   
 
Summary 
 
 Separase is an essential protein involved in many facets of the progression of mitosis.  
In budding yeast, separase (ESP1) localizes to the spindle axis during anaphase.  Due in part 
to ESP1’s localization to the spindle, current models assign ESP1 a role in directly mediating 
spindle elongation.  ESP1 cleaves and forms a complex with SLK19 in anaphase and this 
interaction is required for the spindle localization of ESP1.  In this chapter, we present 
evidence that localization of the ESP1/SLK19 complex to the spindle axis in anaphase is 
required for efficient separation of sister telomeres.  In slk19Δ cells, ESP1 does not localize 
to the spindle axis.  Replacing the endogenous SLK19 with a non-cleavable allele results in 
persistent localization of ESP1 to spindle poles after the cell has exited anaphase.  Deletion 
of SLK19 causes a disruption in the coordination between sister telomere separation and 
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spindle elongation.  Expression of the non-cleavable allele of SLK19 rescues the 
coordination defects observed in slk19Δ.  In contrast, deletion of SLK19 has no effect on the 
coordination of sister centromere segregation and spindle elongation.  We also find evidence 
that overexpression of ESP1 can cause precocious separation of sister telomeres.  Taken 
together, the data presented in this chapter suggest that SLK19-dependent localization of 
ESP1 to the spindle axis in anaphase is required specifically for the efficient separation of 
sister chromatid arm loci.   
 
Introduction 
 
Timely and efficient sister chromatid separation is an indispensible part of mitosis.  
Several studies have brought to light the dire consequences if this process goes awry.  
However, there is still much that is not understood about how the cell coordinates spindle 
elongation with chromosome segregation.  At the center of this process is the CD-clan 
protease, separase  (ESP1 in Saccharomyces cerevisiae).  It is an essential protein that is 
conserved from yeast to humans whose protease function cleaves the SCC1 subunit of the 
cohesin complex (Uhlmann et al., 2000).  Cleavage of SCC1 helps remove the mechanical 
links which physically hold sister chromatids together.  Ectopic cleavage of SCC1 using an 
exogenous protease has been shown to trigger anaphase in the yeast model (Uhlmann et al., 
2000).  However, this ectopic cleavage of SCC1 leads to a high percentage of unstable 
spindles, suggesting that simply cleaving cohesin is not sufficient for high fidelity 
chromosome segregation.  It is worth noting that in addition to cleaving cohesin, ESP1 is 
known to play a role in Cdc14 release in anaphase and that this process is independent of 
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ESP1’s protease function (Sullivan and Uhlmann, 2003).  CDC14 release is necessary for 
anaphase progression and its dependency on ESP1 suggests that ESP1 harbors functionality 
other than proteolysis.    
ESP1 has been observed to localize on the spindle axis and spindle poles in anaphase 
sparking interest in ESP1’s role in spindle elongation (Jensen et al, 2001).  Characterization 
of various ESP1 mutants has lead to the conclusion that the protease domain within ESP1 is 
required for spindle elongation (Baskerville et al., 2008).  Even after depletion of SCC1, 
inhibition of ESP1 protease function results in a failed spindle elongation (Jensen et al., 
2001).  Taken together, these data have lead to a model in which ESP1 directly mediates 
spindle elongation through its protease function.  However, the target of ESP1 proteolysis 
which promotes spindle elongation has yet to be identified.     
 SLK19 is a relative newcomer to the mitotic process, yet recent studies have 
unearthed a wealth of information showing that SLK19 participates in various processes of 
mitosis including pericentromeric chromatin elasticity (Zhang et al., 2005), anaphase 
promotion,  spindle stability, and spindle breakdown (Sullivan et al., 2001).  However, 
beyond its coiled-coil structure, little is known about the domains within the SLK19 protein.  
Discovered in a screen using the separase consensus cleavage sequence of SCC1 (Sullivan et 
al., 2001), it has been shown that SLK19 is cleaved by ESP1 in anaphase and that this 
cleavage contributes to spindle stability.  It is known that SLK19 localizes to the spindle axis 
and spindle poles in anaphase, but it is still unclear how SLK19 functions to stabilize 
spindles.      
It has been shown that both full-length and cleaved SLK19 form a complex with 
ESP1 in anaphase (Stegmeier et al., 2001; Sullivan and Uhlmann, 2003) and that SLK19 is 
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required for ESP1 localization to the spindle (Sullivan and Uhlmann, 2003; Khmelinkii et al., 
2007; this study).  The presence of two types of SLK19/ESP1 complexes (full length versus 
cleaved SLK19) begs the question as to what roles these different complexes play in 
anaphase progression.  Notably, localization of both SLK19 and ESP1 is dependent on the 
midzone protein ASE1 (Jensen et al. 2001; Sullivan and Uhlmann, 2003; Khmelinskii et al., 
2007), but a direct interaction between SLK19 and ASE1 or ESP1 and ASE1 has not been 
characterized. 
A recent study has found that sister chromatid arm loci become juxtaposed on the 
spindle axis seconds before they appear as separated elements (Harrison et al., 2009).  
Dubbed a segregation trajectory, it was found that both sister rDNA arrays (~300 kb from 
CENXII) and sister telomeres (~100 kb from CENIII) were drawn into the spindle axis 
before they migrated to their poles.  This same study found that in anaphase sister telomere 
loci separate at rates much faster than those of spindle elongation.  Also, this rapid separation 
was found to be dependent on the presence of sister chromatids.  However, this study failed 
to experimentally identify a mechanism responsible for these phenomena.  The anaphase 
dynamics of telomeres characterized in this study appear to contrast the dynamics of 
centromeres in anaphase.  Studies have found that centromere-proximal loci separation rates 
in anaphase to be much slower than those found for telomeres.  These centromere separation 
rates have been attributed to microtubule dynamics (Straight et al., 1997; Pearson et al., 
2001).  The differences in telomere and centromere dynamics in anaphase suggest two 
independent mechanisms of sister locus separation.      
The correlation between ESP1 localization and the localization of telomere separation 
in anaphase raises the interesting possibility of localized cohesion removal between sister 
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chromatid arm loci.  This study explores this correlation, elucidating the mechanism 
responsible for ESP1 localization and finding that ESP1 mislocalization has profound effects 
on the coordination of sister telomere separation and spindle elongation.  Based on these 
observations, a novel model is presented which explains many of the confounding 
experimental results regarding ESP1, SLK19, and anaphase progression.     
 
Results 
 
ESP1-3xGFP Localization in SLK19, slk19Δ, and slk19(R77E) Cells  
 In addition to SCC1, ESP1 has been shown to cleave SLK19, a protein that localizes 
to the kinetochore in metaphase and the spindle axis in anaphase (Zeng et al., 1999; Sullivan 
and Uhlmann, 2003; Khmelinskii et al., 2007).  ESP1 also forms a complex with SLK19 
(Stegmeier et al., 2001; Sullivan and Uhlmann, 2003).  To investigate the localization of 
ESP1 in WT and slk19Δ cells, we constructed strains in which the endogenous copy of ESP1 
was tagged with 3 GFP molecules.  In this same background, SPC29 was tagged with RFP in 
order to track spindle position and length.  Consistent with previous studies, we observed 
ESP1-3xGFP enrichment on the spindle axis and at spindle poles in wild type cells when 
spindles were longer than 2 μm (Figure 13).  Additionally, ESP1-3xGFP diffuse in the 
nucleoplasm (Figure 13, green-outlined inset image) was also observed.  However, in the 
absence of SLK19, ESP1-3xGFP showed no enrichment on the spindle axis nor at spindle 
poles (Figure 13).  Instead, ESP1-3xGFP appeared only as diffuse in the nucleoplasm.  These
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Figure 13  ESP1-3xGFP Localization in SLK19, slk19Δ, cin8Δ, and slk19(R77E) Cells 
Cells showed three phenotypes of ESP1 localization: no localization to the spindle axis or 
spindle poles (black outlined image at right), localization to only the poles (red outlined 
image at right), and localization to the spindle poles and the spindle axis (green outlined 
image at right).  Cells were binned based on spindle length as measured by distance between 
SPC29-RFP foci.  In SLK19 cells, the majority of specific ESP1 localization to the spindle 
axis and spindle poles was observed in cells with spindles > 2 μm in length (n=206).  Few 
cells with ESP1 exclusively at spindle poles were observed.   slk19Δ cells showed no 
localization of ESP1 to the spindle poles or the spindle axis (n=145) .  cin8Δ cells showed all 
three phenotypes, in a pattern similar to SLK19 cells (n=211).  Cells harboring the non-
cleavable allele of SLK19 (slk19(R77E)) showed all three phenotypes, though ESP1 
localization only at spindle poles was observed more frequently than in any other cell type 
(n=256).  
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observations are consistent with previous studies and suggest that ESP1 enrichment on the 
spindle axis is dependent on SLK19. 
 Though it has been shown that ESP1 cleaves SLK19 in anaphase, the reason for this 
interaction has not been determined.  To determine if SLK19 cleavage is required for ESP1 
localization to the spindle in anaphase, a strain containing ESP1-3xGFP, SPC29-RFP, and 
null for SLK19 was transformed with the non-cleavable SLK19 allele, slk19(R77E) (Sullivan 
and Uhlmann, 2003), under the control of the endogenous SLK19 promoter.  Expression of 
slk19(R77E) partially rescued the ESP1 localization defect of slk19Δ cells.  However, ESP1 
localization in the slk19(R77E) background showed more anaphase-length spindles in which 
ESP1 was only enriched at spindle pole bodies (Figure 13).  Interestingly, unbudded cells 
displayed an increase in ESP1 localization to their single spindle pole body.  This could be 
due to premature binding of ESP1 to the spindle or persistence of ESP1 localization to the 
spindle pole from the previous cell cycle.  The observation that ESP1 localizes to <10% of 
spindles between 1-2 μm in length in the slk19(R77E) background suggests that slk19(R77E) 
aids in the persistent localization of ESP1 to spindle poles.  These data suggest that that full-
length SLK19 acts as a spindle-based anchor for ESP1 and that its cleavage functions to free 
ESP1 from the spindle midzone and spindle pole bodies.  
ESP1 Enrichment on the Anaphase Spindle is Not Required for Spindle Elongation 
 To determine the dependence of the rate of spindle elongation on ESP1 localization, 
time lapse analysis was performed on SLK19, slk19Δ (no enrichment of ESP1 on the 
spindle), and slk19(R77E) (persistent enrichment of ESP1 to spindle poles) cells.  In SLK19 
cells, spindles elongated at rate of 0.60 +/- 0.20 μm/min as the spindle grew from 
approximately 2 μm to 5 μm in length (Figure 14a).  During this same interval of spindle
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Figure 14  Rates and Coordination Metrics of Sister Loci Poleward Migration and 
Spindle Elongation in WT, slk19Δ, slk19(R77E), and cin8Δ Cells 
(A) Rates of spindle elongation as measured by tracking SPC29-RFP foci over time in WT, 
slk19Δ, slk19(R77E), and cin8Δ cells.  Spindle elongation in slk19(R77E) cells was 
significantly faster than WT (p value = 0.001), slk19Δ (p value = 0.03), and cin8Δ (p value = 
8.5*10-6) cells.  Spindle elongation in cin8Δ cells was found to be significantly slower than 
WT (p value = 7.7*10-3) and slk19Δ (p value = 1.8*10-4).  (B) Rates of telomere (left) and 
centromere (right) sister loci poleward migration in WT, slk19Δ, slk19(R77E), and cin8Δ 
cells.  Telomere poleward migration in slk19Δ cells was significantly more variable than that 
of slk19(R77E) (p value = 2.7*10-2) cells.  No other significant differences were found 
comparing rates of sister telomere poleward migration between genetic backgrounds.  Sister 
centromere poleward migration rates were significantly slower in cin8Δ cells when compared 
to W (p value = 5.0*10-3) and slk19Δ (p value = 2.8*10-2).  Rates of sister telomere poleward 
migration in all cell types were significantly faster than those for centromeres.  (C) Spindle 
length upon sister telomere (left) and centromere (right) poleward migration in WT, slk19Δ, 
slk19(R77E), and cin8Δ cells.  For spindle length upon sister telomere poleward migration 
slk19Δ cells showed significantly more variability than WT (p value = 3.4*10-3), slk19(R77E) 
(p value = 6.6*10-3), and cin8Δ (p value = 6.2*10-3) cells.  No significant differences between 
genetic backgrounds were found for spindle length upon centromere poleward migration.  
(D) Delay between the initiation of spindle elongation and sister telomere (left) and sister 
centromere (right) poleward migration.  For telomeres, slk19Δ cells showed significantly 
more variability in this coordination metric than WT (p value = 1.2*10-4), slk19(R77E) (p 
value = 5.2*10-5), and cin8Δ (p value = 1.5*10-4) cells. P values reported for significant 
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increases or decreases in rates were calculated using single tailed t-tests.  P values reported 
for significant differences in variation were calculated using an F-test.  All p values can be 
found in Appendix A, Tables 12-26. 
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elongation, slk19Δ cells elongated at a rate of 0.69 +/- 0.22 μm/min.  The difference between 
the rates of spindle elongation in SLK19 and slk19Δ cells is not statistically significant.  Due 
to the lack of ESP1 spindle localization in slk19Δ cells, this data suggests that ESP1 
enrichment on the spindle axis is dispensable for spindle elongation.   
 To determine the effect of SLK19 cleavage on spindle elongation, spindles in cells 
containing the slk19(R77E) allele were tracked over time.  Cells harboring slk19(R77E) 
displayed an average rate of spindle elongation of 0.88 +/- 0.19 μm/min (Figure 14a).   This 
rate of elongation is significantly faster than that of SLK19 cells.  This data suggests that the 
cleavage of SLK19 slows spindle elongation. 
Sister Telomere-proximal lacO Arrays Become Juxtaposed on the Spindle Axis Seconds 
Before Their Separation 
 Current models explaining the localization pattern of ESP1 to the spindle axis in 
anaphase posit a novel, non-protease based function for ESP1 in directly mediating spindle 
elongation.  However, while following the segregation of telomere-proximal lacO arrays, it 
has been observed that mechanically linked sisters follow a “segregation trajectory” in 
anaphase during which they become juxtaposed on the spindle axis seconds before they 
appear separated (Harrison et al, 2009).  To better define this trajectory, the distance between 
the unseparated sister lacO arrays and the spindle axis was measured during the metaphase to 
anaphase transition.  To account for the variation in spindle length upon sister telomere 
separation, spindle length was normalized such that the spindle length upon sister telomere 
separation was 1 (this length was on average 4.07 +/- 0.83 μm).  When a spindle is 50-60% 
(approximately 1.5-2.0 μm), the mechanically linked sister telomeres were approximately 0.9 
μm away from the spindle axis.  As spindles elongated, this distance decreased (Figure
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Figure 15  Distance Between Sister Telomeres and Mitotic Spindle from Early 
Anaphase to Sister Separation 
Distance between sister telomere-proximal lacO arrays and the spindle (defined by SPC29-
RFP foci) during anaphase progression.  Spindle length was normalized, setting the length of 
the spindle upon sister telomere separation to 100%.  Distances between telomere-proximal 
lacO array foci were binned according to normalized spindle length and average distances 
were calculated.  As the spindle elongated in anaphase, the average distance between the 
sister telomere-proximal lacO arrays and the spindle decreased.   
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15).  Seconds before they appeared as separated spots, sister telomeres were 0.2-0.4 μm from 
the spindle axis (Figure 15).  These observations suggest that there is a localized sister 
chromatid cohesion removal mechanism present on the spindle axis in anaphase, a locality 
observed to be occupied by ESP1.  It is this correlation that suggests the presence of a 
cleavasome, a multi-protein complex anchored to the spindle which functions to 
mechanically uncouple sister chromatid arms in a spatially regulated manner.   
The Separation Rate of Sister Telomeres is Not Dependent on the Presence of the 
Cleavasome 
 It has been shown that mechanical links between sister chromatid arms persist into 
anaphase (Harrison et al, 2009).  The interplay between these persistent mechanical links and 
the spindle machinery has been hypothesized to result in tension on chromosome arms and 
the rapid separation of sister telomeres (Harrison et al, 2009).  To investigate the 
cleavasome’s role in this process, sister telomere separation was tracked over time in SLK19, 
slk19Δ and slk19(R77E) cells.  Telomeres were tracked using a lac operator array (lacO) 
integrated 1.4 kb from the end of chromosome III.  The lacO array was visualized by 
expressing the lac repressor (lacI) fused to GFP.  Spindle dynamics were tracked using 
SPC29 fused to RFP.  In SLK19 cells, sister telomere-proximal lacO arrays separated at a 
rate of 2.96 +/- 1.08 μm/min (Harrison et al, 2009; Figure 14).  Deletion of SLK19 in the 
same strain background causes sister telomere-proximal lacO arrays to separate at a rate of 
4.15 +/- 2.00 μm/min (Figure 12).  The rates of telomere separation in SLK19 vs. slk19Δ are 
not statistically significant.  This suggests that SLK19 does not play a direct role in 
regulating the rate of sister telomere separation.  Tracking telomeres in slk19(R77E) cells 
reveals sister telomere-proximal lacO arrays separate at a rate of 2.66 +/- 0.9 μm/min.  
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Statistical tests comparing telomere separation rates in slk19(R77E) and SLK19 show that 
there is no difference between the two strains.  This data suggests that cleavage of SLK19 
does not directly regulate the rate of sister telomere separation.  
The Rates of Sister Centromere and Sister Telomere Separation Are Mediated By 
Independent Mechanisms 
 Much is known about the dynamics of centromere-proximal lacO arrays within 
metaphase and anaphase spindles.  Centromere movement has been hypothesized to be 
directly dependent on microtubule and spindle dynamics (Pearson et al., 2001).  In contrast, 
sister telomeres separation rates have been shown to be 5-6 fold faster than spindle 
elongation (Harrison et al, 2009; Figure 14).  This rapid rate suggests that the rate of telomere 
separation in anaphase is independent of the rate of spindle elongation.  To compare the 
relative dependency of centromere and telomere separation dynamics on spindle elongation 
in anaphase, centromere-proximal lacO arrays (1.8 kb from CEN15) were tracked over time 
and compared to spindle pole body (SPC29-RFP) dynamics.  Sister centromere-proximal 
lacO arrays appear as two foci in the metaphase spindle, indicating that the sister loci are 
separated (Pearson et al., 2001).  Therefore, the rate of poleward migration was quantitated 
when it occurred coincident with spindle elongation.   In SLK19 cells, centromere-proximal 
lacO arrays migrated poleward at a rate of 1.23 +/- 0.41 μm/min (Figure 14b).  This is 
consistent with previous studies which found centromere poleward migration to occur at a 
rate of 1.21 +/- 0.46 μm/min (Pearson et al., 2001).  This rate of movement is approximately 
2-fold faster than spindle elongation (0.60 μm/min).  The difference between average 
centromere poleward migration rate (1.23 +/- 0.41) and spindle elongation rate (0.60 +/- 0.20 
μm/min) in SLK19 cells can be explained in part by kinetochore microtubule dynamics.  It 
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has been shown that centromere-proximal lacO arrays move closer to their respective pole by 
way of kinetochore microtubule depolymerization and this depolymerization frequently 
occurs within seconds of (if not coincident with) the initiation of spindle elongation (Pearson 
et al., 2001).  The rate of this movement has been found to be 0.33 +/-0.16 μm/min.  
Therefore, the majority of the poleward migration rate of centromeres can be attributed to 
microtubule and spindle dynamics (0.60 + 0.33 = 0.93 μm/min).  In slk19Δ cells, centromere-
proximal lacO arrays migrate poleward at a rate of 1.19 +/- 0.53 μm/min (Figure 14b).  Rates 
of centromere movement in SLK19 and slk19Δ cells are statistically similar, indicating that 
cleavasome assembly is dispensable for efficient centromere poleward migration.   
 To further elucidate the relative dependency of centromere and telomere movement 
on spindle dynamics, we sought to perturb the rate of spindle elongation.  Based on previous 
observations herein, it was predicted that slowing the rate of spindle elongation would slow 
centromere poleward migration but leave telomere poleward migration rates unchanged.  To 
test this prediction, sister centromere and telomere poleward migration were quantitated in a 
cin8Δ background using the same telomere/spindle tracking system used in the SLK19 
experiments.  CIN8 is a plus-end-directed microtubule motor that is partially responsible for 
spindle elongation.  CIN8 is non-essential, but its deletion results in a decrease in the average 
rate of spindle elongation (Straight et al., 1998).  Consistent with this study, spindle 
elongation rates slowed significantly upon deletion of CIN8 (0.39 +/- 0.21 μm/min, Figure 
14a).  Additionally, sister centromere-proximal lacO array poleward migration slowed 
significantly to 0.73 +/- 0.16 μm/min (Figure 14b).  However, telomere poleward migration 
in cin8Δ cells occured at an average rate of 2.96 +/- 1.90 μm/min (Figure 14b).  Importantly, 
cleavasome assembly is unperturbed in a cin8Δ background (Figure 13).  These data confirm 
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that centromere poleward migration is directly dependent on microtubule/spindle dynamics 
whereas the rate of sister telomere poleward migration is independent of the rate of spindle 
elongation.   
The Coordination of Spindle Elongation and Sister Telomere Separation is Dependent 
on the Cleavasome 
 To better quantitate the coordination between sister telomere separation and spindle 
elongation in SLK19, slk19Δ, and slk19(R77E) strains, two coordination metrics were 
developed.  Firstly, spindle length upon sister telomere poleward migration was quantitated 
to provide a mechanical-dependent measurement.  Secondly, the delay between spindle 
elongation initiation and sister telomere poleward migration was quantitated to provide a 
mechanical-independent measurement.  Taken together, these metrics helped quantitate the 
coordination between spindle dynamics and chromosome arm dynamics in single cells.   
Using a strain harboring a telomere-proximal lacO array, lacI-GFP, and SPC29-RFP, both 
spindle and telomere dynamics were tracked.  In a SLK19 background, sister telomere-
proximal lacO arrays rapidly separated to their respective poles at an average spindle length 
of 4.07 μm (Figure 14).  These cells did display variability, with separation occurring 
anywhere from 2.5 μm to 5.1 μm (Figure 14c).  Like SLK19 cells, separation of sister 
telomeres in slk19Δ cells occurred at an average spindle length of 4.10 μm.  However, unlike 
SLK19 cells, slk19Δ cells showed a range of 0.91 to 8.7 μm (Figure 14c).  This increase in 
variability illustrates a lack of coordination between spindle elongation and sister telomere 
separation in the absence of SLK19.  Furthermore, in the presence of slk19(R77E), the 
average length of the spindle upon telomere separation is 3.05 μm with a range of 1.8 μm to 
4.5 μm (Figure 14c).  This spindle length upon sister telomere separation is significantly 
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shorter than that of SLK19 cells, suggesting that the full-length form of SLK19 promotes 
sister telomere separation.  
In addition to spindle length upon telomere separation, the delay between spindle elongation 
initiation and telomere separation was quantitated.  Using this metric, SLK19 cells were 
observed to have a delay of 100 sec with a range of 20 to 260 sec (Figure 14d).  Deletion of 
SLK19 resulted in an average delay of 244 sec with a range of 10 to 1080 sec (Figure 14d).  
Statistical comparison of SLK19 and slk19Δ cells reveals that the delay between spindle 
elongation initiation and telomere separation is significantly more variable in slk19Δ cells.   
Upon expression of slk19(R77E), telomeres separate on average 103 sec after spindle 
elongation initiation, with a range of 10 to 190 sec.  Statistically, these measurements from 
slk19(R77E) cells are similar to SLK19 cells and show less variability than slk19Δ cells.   
The results from both coordination metric analyses suggest that the cleavasome plays a direct 
role in coordinating the timing of sister telomere separation with spindle elongation.  SLK19 
cleavage is not required for this process, as slk19(R77E) cells are statistically 
indistinguishable from SLK19 cells.  These data illustrate a role for the cleavasome in sister 
chromatid arm separation which is consistent with the observation that deletion of SLK19 
(thereby failure to assemble the cleavasome) results in an increase in chromosome loss (Pfiz 
et al., 2002). 
Coordination of Sister Centromere Poleward Migration with Spindle Elongation Does 
Not Depend on the Cleavasome 
Given the differences in poleward migration rates between centromeres and telomeres, it is 
possible that centromere separation and telomere separation are mediated by different 
mechanisms.  As we have just shown, coordination between spindle elongation and sister 
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telomere separation is disrupted in slk19Δ cells because of their inability to assemble the 
cleavasome on the spindle axis.  If centromere poleward migration is mediated by a distinct 
mechanism independent of the cleavasome, the prediction would be that both the rate of 
poleward migration of centromeres and the coordination of centromere poleward migration 
with spindle elongation would be unaffected by deletion of SLK19.  As discussed above, the 
rates of centromere poleward migration in SLK19 and slk19Δ cells are statistically 
indistinguishable (Figure 14b).  To investigate the effect of SLK19 on the coordination of 
centromere poleward migration with spindle elongation, coordination metrics were measured 
for centromere dynamics in SLK19 and slk19Δ cells.  In SLK19 cells, spindle length upon 
sister centromere poleward migration was found to be 1.79 +/- 0.19 μm with a range of 1.5 to 
2.1 μm (Figure 14c).  In slk19Δ cells, this measurement is found to be 1.70 +/- 0.25 μm with 
a range of 1.11 to 2.09 μm.  Based on these measurements of anaphase centromere dynamics, 
there is no significant difference between SLK19 and slk19Δ cells.  When the delay between 
spindle elongation initiation and centromere poleward migration is measured, SLK19 cells 
are found to have an average delay of 3.00 +/- 26.69 sec with a range of -30 to 70 sec (where 
0 is the initiation of spindle elongation; Figure 14d).  In slk19Δ cells, the delay is observed to 
average -4.55 +/- 30.78 sec with a range of -30 to 60 sec.  Comparing these measurements of 
centromere dynamics, there is no difference between SLK19 and slk19Δ cells.       
Coordination metric analysis of centromere-proximal lacO arrays reveals that there is no 
significant difference between SLK19 cell and slk19Δ cells.  Thus, SLK19 does not play a 
role in coordinating the timing of poleward migration with spindle elongation at centromeric 
loci.  This  contrasts observations of telomere separation, suggestion the cleavasome 
specifically affects the coordination of spindle elongation with sister arm loci separation.   
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ESP1 overexpression causes an increase in precocious sister telomere-proximal lacO 
array separation 
 The cleavasome model predicts that ESP1-mediated sister chromatid cohesion 
removal at the spindle axis facilitates the coordination of sister chromatid arm locus 
separation with spindle elongation.  Thus, ESP1 function in the nucleus, distal to the spindle 
axis, may or may not be important for sister chromatid separation.  To investigate the relative 
importance of nucleoplasmic ESP1 and spindle-bound ESP1, we sought to localize ESP1 to 
both sub-nuclear regions.  A strain was constructed in which an extra copy of ESP1 under the 
control of the GAL promoter was integrated into the genome.  This same strain contained a 
telomere-proximal lacO array and Spc29-RFP.  When grown on for 3 hours on galactose, 50-
60% of cells containing the GAL-ESP1-GFP construct contained green fluorescent signal 
that filled the entire cell.  In the population of cells overexpressing ESP1, sister lacO 
separation was used to determine the presence or absence of sister telomere cohesion.  Cells 
were imaged over a 10 minute period and scored for separated or unseparated sister lacO 
spots.  When grown on glucose (GAL1-ESP1-GFP off), 10% of cells with metaphase length 
spindles (1.5-2.0 μm) contained separated sister telomeres (Figure 16).  When cells were 
grown on galactose, we observed a 25% increase in the number of cells containing separated 
sister telomeres (Figure 16).  The 25% increase in precociously separated telomeres in cells 
overexpressing ESP1 suggests that nucleoplasmic ESP1 can lead to the premature separation 
of sister chromatid telomeres, though its effect is minor.  
79 
 
 
  
80 
 
Figure 16  Sister Telomere Separate Precociously When ESP1 is Overexpressed 
Cells containing a telomere-proximal lacO array and a GAL-ESP1-GFP construct were imaged and 
scored for separated (red framed inset image) and unseparated (blue framed inset image) sister lacO 
foci on glucose (left) and galactose (right) media.  On glucose, 10% of cells showed separated sister 
lacO arrays (n=76).  On galactose, 35% of cells showed separated sister lacO arrays (n=53).  Only 
metaphase cells (spindles between 1.5-2.0 μm as measured by the distance between SPC29-RFP foci) 
were used in this assay.    
 
Discussion 
 
 ESP1’s dependency on SLK19 for its localization to the spindle axis suggests that 
SLK19 acts as an anaphase-specific tether or anchor for ESP1.  To date, no domains within 
the SLK19 protein have been identified as microtubule binding.  This then raises the question 
of what other proteins are involved in the assembly of a functional cleavasome.  Based on 
observations of ESP1 localization in a cin8Δ cells, CIN8 (with its microtubule binding 
abilities) can be ruled out (Figure 13).  A possible binding platform for the SLK19/ESP1 
complex may lie within the suite of spindle midzone proteins as it has been shown that ASE1 
is required for midzone assembly, proper localization of SLK19 and spindle localization of 
ESP1 (Jensen et al., 2001; Khmelinskii et al., 2007).  Though the obvious candidate, a 
physical interaction between ASE1 and SLK19 has yet to be characterized.   
 ESP1 localization analysis in a background containing the non-cleavable SLK19 
allele suggests that full-length SLK19 is the anchor.  Non-cleavable SLK19 caused ESP1 to 
persistently bind to the spindle poles throughout anaphase and telophase, often persisting 
even into the next cell cycle (Figure 13).  This phenotype suggests that cleavage of SLK19 
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functions to free ESP1 from the spindle.  These results are also consistent with PDS1, an 
inhibitor of ESP1’s protease function, being involved in ESP1’s localization to the spindle 
axis (Jensen et al., 2001; Agarwal and Cohen-Fix, 2002).  Thus, in the presence of non-
cleavable SLK19, ESP1 persists at the spindle pole bodies.  The most likely reason for the 
lack of persistent ESP1 localization to the spindle axis/midzone is that the spindle has 
disassembled, thus suggesting that spindle disassembly is unperturbed in the slk19(R77E) 
background.      
 The current model for ESP1’s function at the spindle axis posits that ESP1 directly 
mediates spindle elongation via a mechanism dependent on its protease function (Jensen et 
al., 2001; Baskerville et al., 2008).  However, what this additional function is has not been 
discovered.  A key observation leading to the conclusion that ESP1 must harbor an 
additional, spindle-based function involved the failure of spindles to elongate to a length 
greater than 3 μm when cells were grown in the absence of ESP1 and SCC1 function (via 
temperature sensitive allele and depletion, respectively) (Jensen et al., 2001).  Confounding 
the interpretation of this experiment is the fact that in the absence of functional SCC1, the 
spindle assembly checkpoint is triggered.  Thus, a failure of the spindle to elongate in these 
conditions does not necessarily mean the spindle is unable to elongate, it could mean that the 
checkpoint is not allowing the spindle to elongate.  Furthermore, the interpretation of ESP1’s 
direct role in spindle elongation based on this population experiment does not take into 
account the role of inter-chromatid DNA catenations that are an inevitable result of DNA 
replication (Cook, 1991).  Catenations have been shown to play a role in sister chromatid 
cohesion and are still present at the metaphase to anaphase transition (Holm et al., 1985; 
Uemura et al., 1987; Gimenez-Abian et al., 2002).  Because of the relative weakness of the 
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spindle apparatus (Nicklas, 1983), inter-catenated sister chromatids could inhibit spindle 
elongation even in the absence of cohesin.  Additionally, the observation of wild-type-like 
spindle elongation rates in the absence of ESP1 enrichment on the spindle axis (Figure 14) is 
inconsistent with the current model.  A less complex notion for ESP1’s role in spindle 
elongation is simply its spatially regulated proteolysis of SCC1, leading to the mechanical 
unlinking of sister chromatid arm loci necessary to allow the spindle to elongate.  By 
spatially restricting this proteolysis to the spindle axis, sister loci separation is directly 
coupled to spindle elongation.  This concept is consistent with observations of an increased 
rate of spindle elongation in cells which have fewer or no mechanical links between sister 
chromatid arms (Harrison et al, 2009). 
 Previous studies showing centromere-proximal sister loci separate prior to telomere-
proximal sister loci reveal a spatially regulated cohesion removal mechanism (Straight et al., 
1997; Paliulis and Nicklas, 2004).  This mechanism appears to resolve cohesion in a 
centromere to telomere fashion.  The presence of a cleavasome at the spindle axis explain 
these results and the observation of sister telomere-proximal loci becoming juxtaposed on the 
spindle axis seconds before their appearance as separated foci (Figure 15).  This theory also 
explains in part the difference in rates of telomere separation and spindle elongation.  It is 
known that DNA and chromatin harbor inherent elastic properties (Fisher et al., 2008; Larson 
et al., 2010) and that chromatin compaction is dynamic in anaphase (Machin et al., 2005; 
Mora-Bermudez et al., 2007; Harrison et al, 2009; Renshaw et al., 2010).  The physical 
properties of chromatin and changes in its compaction during anaphase raises the possibility 
that the relatively rapid rate of sister telomere separation is directly mediated by chromatin 
elasticity and/or active chromatin compaction.  A dependency of rapid separation of sister 
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arm loci on chromatin elasticity and/or chromatin compaction predicts that the rate of spindle 
elongation should have no effect on the rate of sister telomere separation.  In knocking out 
CIN8, spindle elongation is slowed yet the rate of sister telomere separation is unaffected 
(Figure 14).  Additionally, in a slk19(R77E) background, spindle elongation was faster than 
in SLK19 cells, yet the rate of sister telomere separation was, again, unaffected (Figure 14).  
Thus, the simplest model accounting for the rate of telomere separation being independent 
from the rate of spindle elongation is the release of tension on chromatin at the spindle axis 
leads to chromatin elasticity/compaction mediating sister telomere separation.    
   The dynamics of centromere-proximal loci have been tracked in numerous studies, 
giving the field a wealth of information on their dynamics in metaphase and anaphase.  
Results from this study illustrate dramatic differences between centromere-proximal and 
telomere-proximal loci in several facets of anaphase.  First and foremost, separation rates of 
centromere-proximal loci appear to be directly dictated by microtubule and spindle 
dynamics.  This is an intuitive result, given the physical attachment of the centromere to 
microtubules via the kinetochore.  This direct dependency is most obvious when the rate of 
spindle elongation is perturbed.  We found that as a direct result of the slowing of spindle 
elongation (via CIN8 deletion), the rate of sister centromere separation decreases (Figure 14).  
Notably, it has been found that sister centromere loci can separate at relatively rapid rates 
(Pearson et al., 2001).  Particularly rare and occurring over small distances, these events were 
uncovered using higher temporal resolution than this study (> 1 frame/sec vs. 1 frame/10 
sec).  These results suggest that on rare occasions tension on chromatin also contributes to 
sister centromere separation and may contribute to the small discrepancy we found between 
sister centromere separation rates and spindle elongation rates (Figure 14).  However, both 
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studies agree that the majority of centromere dynamics in anaphase are dictated directly by 
microtubule and spindle dynamics.    
Though possibly playing a minor role in centromere separation, telomere-proximal 
loci separation rates suggest that chromatin elasticity plays a major role in separating 
telomeres.  Where centromere dynamics are dominated by microtubule and spindle dynamics 
in anaphase, telomere dynamics are mediated directly by this independent mechanism.  Rates 
of sister telomere separation in all mutants analyzed were significantly faster than those of 
centromere separation.  Fundamentally speaking, this highlights a difference in the 
mechanisms mediating the dynamics of each locus.  In addition, telomere separation rates 
were unaffected by the decreased rate of spindle elongation in cin8Δ cells, in direct contrast 
to centromere separation in this mutant.  Lastly, variation in the rates of sister telomere and 
centromere separation was observed in all genetic backgrounds.  Comparison of telomere 
separation rates to centromere separation rates within a given mutant revealed that telomeres 
showed more variation than centromeres in separation rates across all mutants.   These results 
illustrate a fundamental difference between telomere and centromere segregation.    
Coordination of spindle elongation with the mechanical uncoupling of sister loci is an 
imperative step of mitosis.  Failure of this process can lead to chromosome loss.  To measure 
the ability of different mutants to coordinate these processes, coordination metrics were 
developed and applied to both telomere and centromere separation in wild type, slk19Δ, 
slk19(R77E), and cin8Δ cells.  In all mutants analyzed, centromere separation was very 
tightly coordinated with spindle elongation as measured by both the spindle length upon 
centromere poleward migration and the time between spindle elongation initiation and 
centromere poleward migration.  When telomere-derived coordination metrics were 
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compared to those for centromeres, several significant differences were observed.  Generally 
speaking, all genetic backgrounds displayed telomere separation occurring after centromere 
separation (i.e. at a significantly longer spindle and at a later time point after the initiation of 
spindle elongation).   Secondly, coordination metric quantitation for telomere loci displayed 
significantly more variation than centromere loci in all genetic backgrounds.  These results 
reiterate the fundamental difference between sister centromere and sister telomere 
segregation.   
More specifically, when comparing telomere coordination metrics between the 
different genetic backgrounds, the absence of SLK19 greatly decreases the overall 
coordination between telomere separation and spindle elongation.  In other words, the 
variation of both coordination metrics is significantly larger in the slk19Δ background than in 
all other genetic backgrounds.  Contrastingly, SLK19 deletion did not have an effect on 
centromere-derived coordination metrics.  These observations reveal the primary role of the 
cleavasome:  coordinating the removal of mechanical links between sister chromatid arm loci 
with spindle elongation. 
The importance of ESP1 localization to the spindle axis is underscored by the minor 
effect ESP1 overexpression has on sister telomere cohesion.  Appearance of separated sister 
telomere-proximal lacO arrays only increased ~25% when a strain harboring the GAL-ESP1-
GFP construct was switched from glucose to galactose containing media.  One possible 
explanation for this is that the inhibitor of ESP1, PDS1, is up-regulated in response to the 
increased concentration of ESP1.  However, such a phenomenon has never been reported.  
Alternatively, this may reflect the transient nature sister chromatid cohesion.  Studies have 
found that cohesin complexes are able to turnover, suggesting an ability to re-establish arm 
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cohesion after the cell has entered mitosis (Ocampo-Hafalla et al., 2007).  It is also known 
that topoisomerase activity is required at anaphase onset to facilitate sister chromatid 
decatenation and separation (Holm et al., 1985; Uemura et al., 1987; Gimenez-Abian et al., 
2002).  Whether the observation of only minor effects of ESP1 overexpression on sister 
telomere cohesion is due to cohesin complex turnover, inter-sister DNA catenations, or some 
other mechanism has yet to be elucidated.  This result does, however, highlight the 
importance of coupling spindle elongation to sister chromatid arm locus separation which 
ensures that once sister loci become mechanically separated they immediately migrate 
towards their respective pole.   
The cleavasome model answers many of the looming questions in the field of 
anaphase progression.  Illustrated in Figure 17, the cleavasome model posits that ESP1 
localizes to the spindle axis in anaphase in a complex with full-length SLK19.  The 
anchoring of ESP1 to the spindle axis via SLK19 explains how ESP1 binds to the spindle.  
As the spindle elongates, ESP1/SLK19 (FL) accumulates on the spindle axis and at spindle 
poles where ESP1 begins its proteolysis of arm-bound SCC1.  At this point ESP1 also begins 
to cleave SLK19, freeing ESP1 molecules from their spindle-based anchor.  The spindle 
continues to elongate as mechanically linked sister chromatid arm loci are transposed to the 
spindle axis.  Once in proximity to spindle-bound ESP1, SCC1 molecules located at 
chromatid arm loci are cleaved by ESP1 and sister loci migrate towards their respective 
poles.  The mechanical feedback from cohesion removal is translated to spindle elongation 
and defines a role for ESP1 protease function in spindle elongation.  This mechanical 
feedback loop continues until the last physical link between sister telomeres is removed.
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Figure 17  The Cleavasome Model 
(A)  In metaphase, ESP1 (blue) is chaperoned into the nucleus by PDS1 (purple).  PDS1 also 
inhibits ESP1 protease function.  Full length SLK19 (pink) is localized to kinetochores 
(yellow).  Cohesin (orange) between sister chromatid arms is intact.  (B)  Early anaphase sees 
PDS1 get degraded, freeing ESP1 from inhibition.  ESP1 molecules cleave and form 
complexes with both full-length and cleaved SLK19.  ESP1/SLK19 complexes begin to 
accumulate on the spindle axis and at spindle poles.  The spindle starts elongating, 
necessitating the removal of cohesin from chromatid arms.  The ESP1/SLK19 cleavasome 
complexes located along the spindle axis begin cleaving cohesin (inset).  (C)  In mid-
anaphase, cleavasome complexes have enriched along the spindle and at spindle poles, 
continuing to cleave cohesin as these molecules become proximal to the spindle axis.  Once 
these cohesin molecules are cleaved, sister chromatid arm loci migrate poleward.  (D)  In late 
anaphase, all cohesin complexes have been removed from chromatid arms and sister 
telomeres rapidly separate.  Cleavasome complexes dissociate from the spindle axis and 
spindle poles.   
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When the last mechanical link between sister chromatid arms is removed, sister telomeres 
rapidly migrate to their respective poles, completing chromosome segregation.  This model 
also explains why the triggering of anaphase using TEV protease in a TEV-cleavable SCC1, 
TEV-cleavable SLK19 background still results in a high percentage of failed mitoses 
(Sullivan et al., 2001).  Within the TEV-based system no localization of the protease to the 
spindle occurs and spindle elongation fails to coordinate with cohesion removal.  The 
predicted phenotype based on the cleavasome model is spindle collapse due to cohesed sister 
arm loci.  This is consistent with the phenotype of the TEV-containing strain (Sullivan et al., 
2001).  It would be highly informative if the TEV protease was somehow engineered to bind 
to the spindle.   
The cleavasome model does not take into account the contribution of inter-sister 
DNA catenations that have been shown to be present at the metaphase to anaphase transition 
(Holm et al., 1985; Uemura et al., 1987; Gimenez-Abian et al., 2002).  Budding yeast 
topoisomerase II, the enzyme responsible for decatenating sister chromatids, does not show 
any sub-nuclear localization suggesting that its activity is nucleus-wide (Huh et al., 2003).  
Topoisomerase II does not show directionality toward catenation or decatenation, it simply 
breaks the backbone of DNA and passes one strand through another (Kirkegaard and Wang, 
1985; Plank et al, 2005) raising the possibility that the chromatid separating force mediated 
by spindle elongation is necessary for a bias towards decatenation.  Further studies of 
topoisomerase II activity will be necessary to uncover the DNA catenation state in anaphase.     
The cleavasome model resolves many of the confounding experimental results regarding the 
interplay between ESP1, SLK19, cohesion removal, and spindle elongation.  By coupling 
cohesion removal to spindle elongation, cells ensure that the spindle elongates at a 
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controlled, steady rate and that mechanical separation of sister loci occurs in conjunction 
with migration towards the poles of the dividing cell.  Further studies of localized cohesin 
degradation, DNA catenation state, and ESP1 function will lend themselves well to testing 
the validity of this model. 
 
Materials and Methods 
Strain Construction 
Strain BDH3333 was constructed using a PCR fragment created from plasmid 1011 
3xGFP HIS3MX6 to transform strain BDH2008.  Strains containing the non-cleavable allele 
of SLK19 (BDH3179 and EYY1179) were constructed by transforming BDH3319 and 
EYY1133 with p179 (a gift from the Uhlmann lab).  p179 was digested with NcoI to 
facilitate integration at the URA3 locus.    
Growth Conditions 
 Strains BDH3333, BDH3319, BDH3308, and BDH3179 were grown in YP+Glucose 
media.  Strains containing histidine-inducible lacI-GFP constructs (EYY1132, EYY1133, 
EYY1138, EYY1179, KBY8065, KBY8117, and KBY8190) were maintained on synthetic  –
HIS+Glucose media.  All cells were grown to logarithmic phase in liquid at 25oC media prior 
to imaging.  
Strain BDH2000 containing the GAL-ESP1-GFP construct was maintained on 
YP+Glucose media.  To induced ESP1 overexpression and lacI-GFP expression cells were 
grown in YP+Glucose media overnight at 25oC.  The next day, 50 μl of this culture was 
transferred to 5 ml of synthetic –HIS +Lactose media and grown overnight at 25oC.  On the 
day of imaging, 500 μl of 20% galactose was added to the culture 3-4 hours prior to imaging.   
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Imaging Conditions 
Population imaging was performed on live cells immersed in rich, synthetic imaging 
media supplemented with 2% glucose.  Time lapse, live-cell imaging was performed using 
cells immobilized on 25% gelatin slabs containing 2% Glucose.  Image acquisition was 
carried out using a Nikon Eclipse TE2000-U inverted microscope stand (Tokyo, Japan) with 
a 100X, 1.4 N.A. differential interference contrast (DIC) oil-immersion lens. Images were 
acquired with a Hammamatsu ORCA-ER CCD camera (Bridgewater, NJ).  MetaMorph 7 
software (Molecular Devices, Downington, Pennsylvania) controlled the microscope.  
Population imaging was performed using an acquisition protocol taking 5 fluorescence 
images at 0.5 μm axial steps and a single DIC image corresponding to the central 
fluorescence image.  Exposure times ranged from 300-400 ms.  For fast acquisition of 
telomere-proximal and centromere-proximal lacO array separation, single plane DIC and 
fluorescent images were taken at 10 sec intervals using 300-400 ms exposure times.   
 In order to visualize lacO arrays in BDH2000 when overexpressing ESP1-GFP, three 
50 ms pulses of a Spectra Physics Advantage 163C Air-cooled Ion Laser were focused on the 
cell to photobleach the cytoplasmic pool of ESP1-GFP.   
Image Analysis and Creation 
 Distances were measured using the Measure Pixel tool in MetaMorph 7 software.  To 
correct for random errors, each frame stack analysis was repeated three times.  Data sets were 
exported into Microsoft ExcelTM (Microsoft, Richmond, Washington) for analysis.  Rates of 
telomere separation, centromere separation, and as spindle elongation were calculated by 
fitting a regression line to plots.  Separation and elongation were defined as at least 3 
consecutive time points of increasing distance between foci.  Slopes of regression lines were 
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used to determine rates of separation.  Statistical significance was determined using single 
tailed t-tests.  F-tests were used to determine differences in variance.  All models and 
schematics were created using CorelDRAW 11 software.   
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CHAPTER 4 
ANALYSIS OF GALCEN-CONTAINING CHROMOSOME POSITION IN METAPHASE 
AND ANAPHASE CELLS 
 
Summary 
 
 Proper attachment of chromosomes to the mitotic spindle is an imperative step in 
proper chromosome segregation.  In budding yeast, as in humans, this process involves the 
assembly of a multi-protein complex – the kinetochore – at a specialized chromosomal locus 
– the centromere.  To study the process of kinetochore-mediated centromere attachment to 
the spindle apparatus, scientists have developed a conditional centromere whose function can 
be modified by growing cells on different carbon sources.  Termed the GALCEN, this 
conditional centromere has long been thought of as completely non-functional when cells are 
grown on galactose.  In this chapter, we investigate the mitotic positioning and dynamics of a 
chromosome whose endogenous centromere III has been replace by the GALCEN construct.  
In contrast to other studies, we found cells containing the GALCEN chromosome to be 100% 
viable when grown on galactose.  Colony formation of GALCEN-containing cells plated on 
galactose media was slower than wild type cells plated on galactose media.  Using the 
lacO/lacI-GFP system to track the GALCEN centromere, we found evidence of proper 
biorientation of the GALCEN chromosome in a small percentage of metaphase cells.  
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Additionally, a small percentage of anaphase/telophase cells displayed proper partitioning of 
the GALCEN chromosome between mother and daughter cells.  However, the majority of 
anaphase/telophase cells displayed GALCEN chromosomes in only the mother cell.  
Tracking of GALCEN centromeres that appear to be unattached to elongated spindles reveals 
evidence of transient poleward movement of GALCEN centromeres.  The data presented in 
this chapter uncover evidence of the GALCEN construct mediating chromosome segregation 
in cells grown on galactose, necessitating modification of current theories on the 
requirements for proper spindle attachment and partitioning of chromosomes during mitosis.   
 
Introduction 
 
Proper microtubule attachment is required for chromosome segregation.  Attachment 
is dependent on the formation of a multiprotein complex called the kinetochore at the 
specialized chromosomal locus called the centromere.  Studying the attachment of 
microtubules to centromeres has led to the development of conditionally functional 
centromeres.  The most common of these makes use of a galactose promoter placed upstream 
of the centromeric DNA sequence.  Termed the GALCEN, this conditional centromere is 
functional when cells are grown on glucose but its function is inhibited when cells are grown 
on galactose.       
The GALCEN has been used for decades to investigate cellular processes.  
Originally, both plasmids and chromosomes harboring the GALCEN construct showed 
severe defects in segregation when cells were grown on galactose.  In quantitating plasmid 
carrying cells, it was found that after switching from glucose (GALCEN On) to galactose 
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(GALCEN Off) cells lost the GALCEN plasmid rapidly with the percentage of GALCEN-
containing cells going from ~25% to <5% in 10 generations (Hill and Bloom, 1987).  
Chromosomes on which the GALCEN was the only centromere also showed segregation 
defects when cells were grown on galactose, with the percentage of cells carrying the 
GALCEN chromosome dropping from ~100% to > 10% in 16 generations (Hill and Bloom, 
1987).  Elucidating the reason for this loss, subsequent studies found that when grown on 
galactose GALCEN plasmids showed a biased segregation pattern with GALCENs staying in 
the mother cell (Wells and Murray, 1996).  Based on these early studies, it was theorized that 
on galactose, the GALCEN was completely non-functional.       
It is theorized that inhibition of the GALCEN is due to polymerase-based 
transcription, though transcript analysis from cells grown on galactose reveals that 
transcription fails to proceed through the centromeric DNA sequence (Doheny et al., 1993).  
It has been hypothesized that the GAL-based transcription is inhibited by kinetochore 
proteins that are able to bind to the centromeric DNA.  Consistent with this, chromatin 
immunoprecipitation (ChIP) analysis of galactose-treated cells reveals that kinetochore 
proteins still bind to the centromeric DNA of the GALCEN, though at lower levels than a 
normal functioning centromere (Collins et al., 2005).  In addition, GALCENs in cells grown 
on galactose have a decreased ability to form a kinetochore-dependent structure called the C-
loop (Figure 18a) based on the chromosome conformation capture (3C) assay (Yeh et al., 
2008).  This disruption of pericentromere structure may also contribute to the inhibition of 
centromere/microtubule attachment.  It is important to note that the population-based 
analyses of ChIP and 3C can be interpreted in one of two ways: 1) every cell in the galactose-
treated population contains a GALCEN with a partially assembled kinetochore and thus a 
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partially looped centromere or 2) two sub-populations existing where one population has a 
fully assembled kinetochore and fully looped centromere and the other population has 
neither.  These alternative interpretations of the ChIP and 3C data make their own unique 
predictions that can be tested at the single-cell scale.  
Centromere dynamics in budding yeast mitosis are very well characterized.  
Characterization of centromeres in live cells has been accomplished by integrating arrays of 
lactose operator (lacO) DNA proximal to the centromere.  Upon expression of the lactose 
repressor protein (lacI, which binds to lacO) fused to the green fluorescent protein (GFP), 
these arrays can be tracked.  Use of the lacO/lacI-GFP system has revealed that sister lacO 
arrays appear as separated foci in metaphase, indicating that sister pericentromeric chromatin 
is pulled apart in metaphase due to spindle-mediated forces (Straight et el., 1997; Pearson et 
al., 2001).  During anaphase A, each sister lacO array moves towards its spindle pole at a rate 
of 0.33 mm/min (Pearson et al., 2001).  This mode of centromere movement is thought to be 
mediated by microtubule depolymerization.  More recently, research tracking GALCEN-
linked lacO arrays has shown that a GALCEN can drift away from its spindle in cells grown 
on galactose.  Upon GALCEN re-activation after a prolonged period in an unattached state, 
the GALCEN experiences microtubule-based capture and kinesin-dependent transport of the 
GALCEN to the spindle (Tanaka et al., 2005).  This kinesin-dependent mode of centromere 
movement occurs at rates between 0.5 and 2.0 μm/min (Tanaka et al., 2005).  Currently, 
microtuble depolymerization and kinesin walking are the only two known modes of 
centromere movement.   
Thanks to the work of countless labs, much is known about the segregation patterns 
of GALCEN-containing plasmids.  However, much less is known about the segregation 
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patterns of GALCEN-containing chromosomes.  This study investigates the segregation 
patterns of a chromosome on which the only centromere is a GALCEN.  This study finds that 
haploid cells with this GALCEN chromosome are viable on galactose.  In order to elucidate 
how this is possible, we investigate the mitotic positioning and mitotic dynamics of the 
GALCEN chromosome in individual, live cells grown on galactose.  We find evidence of 
proper GALCEN-spindle attachment, suggesting the GALCEN is partially functional even 
on galactose. 
 
Results 
 
Viability of Haploid, GALCEN-containing Cells 
When grown on galactose-containing media, the function of the conditional 
GALCEN centromere is perturbed.  Evidence for this failure of function came from the 
observation of segregation defects of plasmids (Hill and Bloom, 1987; Wells and Murray, 
1996) and whole chromosomes (Hill and Bloom, 1987) which in turn caused viability 
defects.  Because of the decreased viability of cells containing essential genes segregating in 
a GALCEN-dependent manner, these studies concluded that the GALCEN was completely 
non-functional when cells were grown on galactose.  In contrast, when the GALCEN 
construct is used as a second centromere on a chromosome where the endogenous 
centromere is intact,  loss of this dicentric chromosome is higher than the parent monocentric 
chromosome even when cells are grown on galactose (Neff and Burke., 1992).  This result 
suggests that the GALCEN is partially functional even on galactose.  To test the viability of a 
haploid strain containing a chromosome whose only centromere is a GALCEN, we replaced 
centromere III with a GALCENIII construct and quantitated its viability on glucose- and
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Figure 18  Viability of Cells Containing the GALCEN Chromosome 
(A)  Schematic of the replicated GALCEN chromosome.  The JC313 GALCEN plasmid was 
used to replace the endogenous centromere III sequence with a GALCEN construct.  The 
GALCEN construct contains a GAL promoter (blue arrow) upstream of centromere III 
sequence (yellow circle).  A lacO array (green rectangle) was integrated approximately 3.8 
kilobases from the centromere sequence of the GALCEN construct.  The red bracket denotes 
the C-loop structure centromere-proximal chromatin adopts when properly attached to the 
mitotic spindle.  Thick black lines represent chromosome arms.  (B)  YP-Galactose plates 
spread with wild type W303 cells (top row) and GALCEN-chromsome-containing SGD10.2 
cells (bottom row).  Plates shown were imaged at 48, 72, and 120 hours.  (C)  Calculations of 
viability derived from colony counts of YP-Galactose and YP-Glucose plates.     
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galactose-containing media.  GALCENIII-containing haploid cells formed robust colonies 
after 120 hrs of incubation (Figure 18b).  These colonies were comparable in size to those of 
wild type cells incubated for 72 hrs (Figure 18b).  Despite the slow growth defect, these cells 
showed 100% viability on galactose suggesting that the GALCEN-containing chromosome is 
not lost in this genetic background (Figure 18c).  Therefore, the GALCEN chromosome is 
being segregated even when cells are grown on galactose.  
GALCEN Chromosome Biorientation   
 When properly attached to microtubules emanating from opposite spindle poles 
(termed biorientation), tension across sister centromeres causes the pericentromeric 
chromatin to adopt a C-loop structure in which it is pulled away from the rest of the 
chromosome mass Figure 18a).   A robust assay for chromosome biorientation in the yeast 
model makes use of a lacO array integrated into the pericentric chromatin.  Upon expression 
of the lac repressor (lacI) fused to the green fluorescent protein (GFP), the lacO array can be 
tracked.  Pending replication and proper biorientation, sister lacO arrays in the 
pericentromeric region appear as either distinct spots or a single focus during metaphase due 
to the dynamic nature of the kinetochore microtubules to which the centromeres are attached.  
To determine if the GALCEN chromosome could biorient, a lacO array was integrated 4 kb 
from the GALCEN.  When grown on glucose (GALCEN-On), distinct sister lacO arrays 
were observed in 70% of cells containing a metaphase length spindle (1.5-2.0 μm, tracked 
using the spindle pole protein SPC29 fused to RFP; Figure 19).  In 30% of cells, the sister 
lacO arrays formed a single focus.  Importantly, whether they were one spot or two, sister 
lacO arrays always appeared between the spindle poles, very close to the spindle axis (as 
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Figure 19  GALCEN Positioning in Metaphase and Anaphase/Telophase Cells 
(A) When grown on glucose, sister GALCEN-proximal lacO arrays in metaphase cells 
appeared as single foci (green in inset images) between the spindle poles (red foci in inset 
images) and along the spindle axis (dark blue framed inset image) in 30% of cells while they 
appeared as two foci between the spindle poles and along the spindle axis (red framed inset 
image) in 70% of cells (n=110).  When grown on galactose, the percentage of cells 
displaying these phenotypes dropped to 21% and 13%, respectively.  Additional phenotypes 
were also observed, including a single focus off of the spindle axis (green framed inset 
image, 24%), two foci off of the spindle axis (orange framed inset image, 28%), two foci 
proximal to a spindle pole (purple framed inset image, 9%), and >2 foci (light blue framed 
inset image, 4%) (n=75).  (B) When grown on glucose (left column), sister GALCEN-
proximal lacO arrays in anaphase/telophase cells appeared as a two foci proximal to the 
spindle poles at opposite ends of the dividing cell (dark blue framed inset image) (n=96).  
When grown on galactose, the percentage of cells displaying this phenotype dropped to 14% 
(right column).  Other observed lacO array positions were a single focus distal to both 
spindle poles within the mother cell (red framed inset image, 41%), two foci distal to either 
pole in the mother cell (green framed inset image, 30 %), a single focus distal to either pole 
in the daughter bud (orange framed inset image, 8%), and two foci in the daughter bud 
(purple framed inset image, 8%) (n=66).  In all inset images, the mother cell is on the left 
with the daughter bud on the right.  Spindle length was measured as the distance between 
SPC29-RFP foci.  Cells with spindle lengths between 1.5 and 2μm were considered to be in 
metaphase.  Cells with spindles >2 μm were considered to be in anaphase. 
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defined by a straight line between SPC29-RFP foci).  When grown on galactose for 3 hrs 
(GALCEN-Off), sister lacO arrays displayed a variety of phenotypes.  The three most 
prominent phenotypes were two foci off the spindle axis (28%), one focus off the spindle 
axis (24%), and one focus on the spindle axis (21%) (Figure 19).  If the GALCEN 
centromere were completely non-functional, the prediction is that no cells would display 
proper biorientation of this chromosome.  Interestingly, sister lacO arrays still appeared as 
distinct foci near the spindle axis, though in only 13% of cells (Figure 19a), suggesting 
proper biorientation of the GALCEN-containing chromosome.  Cells also rarely showed a 
single focus associated with one spindle pole (8%) and >2 lacO spots (4%).  These data 
suggest that when grown on galactose, the majority of cell lose the ability to properly biorient 
the GALCEN chromosome.  However, a small percentage of cells are able to biorient this 
chromosome.  Further investigation would be required to determine whether or not this 
biorientation is transient or stable.   
GALCEN Chromosome Partitioning in Anaphase 
 Due to the fact that cells containing a GALCEN chromosome were able to form 
colonies when grown in galactose media, we hypothesized that the cells must somehow 
partition the GALCEN chromosome during cell division.  Normally, chromosomes are 
segregated by the mitotic spindle.  As a cell progresses from metaphase to anaphase, the 
spindle will grow from 1.5-2.0 μm up to 7-8 μm in length pulling sister chromatids apart as it 
elongates.  Therefore, spindle length can be used as an indicator of cell cycle progression, 
with cells containing spindles > 2 μm long known to be in anaphase or telophase.  Thus, to 
investigate GALCEN chromosome partitioning in anaphase cells with spindles >2 μm in 
length were assayed for GALCEN position.  When grown on glucose, all cells displayed a 
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single lacO focus tightly associated with a spindle pole in both the mother cell (larger bud) 
and daughter cell (smaller bud) (Figure 19b).  When cells were grown on galactose for 3 hrs, 
several phenotypes were observed, the most common of which was a single focus in the 
mother cell not tightly associated with the spindle pole (41%) (Figure 19b).  Also fairly 
common was the appearance of two foci in the mother cell (30%).  Interestingly, 14% of cells 
showed a single focus tightly associated with the both the mother and daughter spindle poles.  
Rarely were foci observed only in the daughter bud (8% as one focus, 8% as two foci).  
These data suggest that in a small percentage of galactose-treated cells, the GALCEN 
chromosome is segregated by attachment to the mitotic spindle.  These data also suggest that 
when the GALCEN chromosome isn’t segregated properly, this chromosome remains in the 
mother cell over 70% of the time.   
GALCEN Movement in Cells with Elongated Spindles 
 The observations of GALCEN position in metaphase and anaphase are based on 
images of a population of cells.  This experimental design provides little to no information on 
GALCEN dynamics within a single cell.  To investigate GALCEN dynamics, GALCEN-
linked lacO arrays were tracked using time lapse microscopy.  Cells were grown on galactose 
media for 3 hrs.  Cells with partially elongated spindles in which lacO foci appeared detached 
from the spindle (Figure 19b, maroon and green framed images) were tracked because they 
were the most frequently occurring phenotype.  In these cells, lacO focus to pole movement 
was observed in these cells.  The movement occurred at a rate of 0.29 +/-0.06 μm/min over 
an average period of 4 minutes (Figure 20).  On average, the lacO array travelled 1.18 +/- 
0.23 μm, bringing it to about 0.5 μm from the spindle pole.  These data suggest that there is
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Figure 20  GALCEN Poleward Movement in Cells Grown on Galactose 
(A) Two cells with elongated spindles and GALCEN-proximal lacO arrays were imaged over 
time.  Distances were measured in reference to a single spindle pole. Pole to pole distance is 
depicted in red, pole to each lacO focus is in shades of green.  lacO focus to spindle pole 
movement was observed (dashed boxes) for one of the lacO foci in each time lapse.  (B)  
Table displaying the rate of lacO focus to pole movement, the distance travelled, and the time 
lapsed during movement. 
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a mechanism by which lagging GALCEN chromosomes migrate poleward in cells grown on 
galactose. 
 
Discussion 
 
 The GALCEN construct has long been the standard for conditional centromere 
function.  Until this study, the GALCEN has been widely assumed to be completely non-
functional when cells are grown on galactose-containing media.  However, studies assaying 
for dicentric chromosome loss contradict the conclusion that the GALCEN construct is 
completely non-functional in cells grown on galactose.  The experiments presented here 
suggest that chromosomes harboring the GALCEN construct as their only centromere are 
still segregated in a subset of cells which is consistent with theories that the GALCEN 
centromere retains partial function in cells grown on galactose.  However, further study will 
be necessary to rule out a novel mechanism of segregation.    
Plating assays reveal that the GALCEN-containing strain used in this study is 100% 
viable on galactose media (Figure 18).  The viability of the GALCEN-containing strain on 
galactose contradicts recent studies that have found strains containing GALCEN 
chromosomes to be inviable on galactose (Kiermaier et al., 2009; Lacefield et al., 2009).  A 
possible reason for our unique observation of growth of GALCEN-containing cells on 
galactose media could lie in experimental design.  Plating assays referenced in this study 
observed robust colony growth only after 120 hrs.  Previous studies report using methods that 
observed growth for only 72 hrs (Kiermaier et al., 2009; Lacefield et al., 2009).  It is possible 
that their “no growth” phenotype was actually a slow growth phenotype.  Alternatively, 
given that GAL promoter activity is required for GALCEN dysfunction (Hill and Bloom, 
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1987), it is possible that the GAL promoter in our GALCEN strain is less active than those 
used in other studies.  This could be due to genetic variation or differences in growth media.  
Any number of genetic mutations of cis- and/or trans – acting elements could cause the GAL 
promoter in our GALCEN construct to be less active.  Though still a possible source of 
variation, it is worth noting that the GALCEN construct used in this study was also used by 
Hill and Bloom who found GALCEN chromosome -containing cells to be inviable after 
growth on galactose.   It has also recently been discovered that iron concentration affects 
GAL promoter activity (Shi et al, 2003). This raises the possibility that variations in iron 
concentration in the media used to do the experiments may also affect GAL promoter 
activity.  Experiments quantitating the frequency of GAL promoter firing would be required 
to test these hypotheses.   
Colony formation on galactose media was much slower for the GALCEN strain when 
compared to the parental, GALCEN-less strain.  Slow colony formation could be due to the 
majority of cell divisions resulting in cells that lack chromosome III.  Thus, the cell lacking 
its copy of chromosome III would be inviable.  This is consistent with the observation that 
the majority of anaphase/telophase cells displayed GALCEN-linked lacO foci in only the 
mother or the daughter cell but rarely both (Figure 19b).  Alternatively, another possible 
reason for slow colony formation is the slowing of cell division by a checkpoint.  It is 
possible that the unattached GALCEN centromere is signaling the spindle assembly 
checkpoint (SAC), which serves to delay anaphase onset until all centromeres are properly 
bioriented on the spindle.  Detached centromeres have been shown to trigger the spindle 
assembly checkpoint in several cell types.  However, there is no evidence that the GALCEN 
construct is able to signal the SAC when cells are grown on galactose.  An alternative to the 
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spindle assembly checkpoint, there may be a checkpoint monitoring lagging chromosomes.  
It has been shown that lagging chromosomes cause a significant slowing of spindle 
elongation in fission yeast, suggesting the presence of a checkpoint (Pidoux et al., 2000).  
Genetic deletion of canonical checkpoint proteins would be highly informative.  The 
increased cell death and checkpoint activation are two alternative hypotheses for slow colony 
formation and are not mutually exclusive.  Both processes could contribute to the slow 
growth phenotype observed when GALCEN-containing cells are plated on galactose media.       
This study has found that at least 13% of cells containing a GALCEN chromosome 
are able to biorient this chromosome when cells are grown on galactose.  This is based on the 
percentage of cells in which sister GALCEN-linked lacO arrays appear as two spots along 
the spindle axis (Figure 19a).  This calculation for biorientation may be an underestimate, as 
21% of these cells showed a single lacO focus along the spindle axis which is also observed 
in 30% of properly bioriented centromeres.  Based on the close juxtaposition of GALCEN-
linked lacO arrays and spindle poles, this assay investigating GALCEN position in 
metaphase also showed evidence of attachment between a spindle pole and an individual 
sister GALCEN in 9% of cells (Figure 19a).  However, proximal position does not 
necessarily equate to attachment.     
Assessment of GALCEN partitioning in anaphase did find that 14% of cells were able 
to partition GALCEN-containing sister chromatids equally into mother and daughter cells.  
This suggests that the cell was able to form enough of an attachment between the GALCEN 
and the spindle to mediate sister chromatid separation.  However, whether this attachment 
was persistent or transient is not clear based on this data.  Interestingly, the vast majority of 
cells (>70%) in this assay displayed phenotypes suggesting that both GALCEN-containing 
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chromatids remained in the mother cell.  This observation is consistent with pedigree analysis 
of small, circular GALCEN plasmids in cells grown on galactose (Murray and Szostak, 1983; 
Wells and Murray, 1996).  This biased segregation pattern for seemingly unattached 
chromatids suggests that spindle-dependent force generation aids in overcoming a mother-
biased nuclear force.  This mother biased force could come from the viscosity of the 
nucleoplasm or a bud-neck localized barrier (Shchrepova et al., 2008).  Alternatively, the 
mother biased segregation of the GALCEN could be attributed to a bias in transient 
attachment to the mother-bound spindle pole.  It is known that the spindle pole that is bound 
to stay in the mother cell is the newly replicated pole (Pereira et al., 2001) suggesting that the 
mother bias cannot be explained simply by a bias of GALCEN transient attachment to the old 
pole.  Notably, a small portion of cells overcame this mother bias as 16% of cells showed 
GALCEN-linked lacO arrays in only the daughter bud (Figure 19).  What determines this 
mother bias and what is required to overcome it requires further study.   
Time lapse analysis of seemingly unattached GALCEN-linked lacO arrays revealed 
that in cells with elongated spindles (>2 μm), lacO spots appeared to be drawn towards a 
spindle pole.  When they are properly attached to the spindle, centromere move to their 
spindle pole at an average rate of 0.33 μm/min during anaphase A (Pearson et al., 2001).  
This rate of movement has been attributed to the centromere’s end-on attachment to 
depolymerizating microtubules.  Another mechanism of centromere movement has been 
shown to be dependent on the kinesin KAR3.  In these experiments, KAR3 transported 
kinetochores of spindle-distal GALCEN chromosomes along the lattice of microtubules.  
This poleward transport occurred at rates between 0.5-2.0 μm/min (Tanaka et al., 2005).  
Rates of GALCEN poleward movement observed in this study are more similar to rates of 
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centromeres moved by microtubule depolymerization.  Visualization of microtubule 
dynamics in these cells would help elucidate if in fact the GALCEN movement observed in 
this study is mediated by microtubules.   
Chromatin immunoprecipitation (ChIP) experiments performed on the GALCEN 
revealed that relative to the endogenous centromere, GALCENs recruited fewer molecules of 
various kinetochore proteins when cells were grown on galactose (Collins et al., 2005).  Yet 
how this decrease affects biorientation, attachment of the GALCEN to the spindle, and 
GALCEN movement has never been explored.  The ChIP results could mean that every 
kinetochore in a population of cells has fewer molecules of each protein.  The prediction 
from this model is that centromere/microtubule attachment may be possible, but it would 
most likely be transient and/or weak.  Alternatively, two populations of kinetochores may 
exist in these cells – one which has a full complement of kinetochore proteins and another 
which has few to no kinetochore proteins.  The prediction from this model is that those 
kinetochores with a full set of proteins would confer persistent centromere/microtubule 
attachment.  Though we cannot definitively rule out one model or the other, the data in this 
study is more consistent with GALCEN kinetochores being capable of transient, weak 
attachments to the ends of microtubules.  This is illustrated most clearly by observations of 
brief GALCEN-linked lacO array movement over short distances during time lapse 
experiments (Figure 20).  The hypothesis of the GALCEN forming transient, weak 
attachments to microtubules when cells are grown are galactose are consistent with studies of 
dicentric chromosomes.  These studies found that when compared to monocentric derivative, 
dicentric chromosome (chromosomes harboring their endogenous centromere and a 
GALCEN integrated at a different locus) loss was increased even when cells were grown on 
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galactose (GALCEN Off, Endogenous CEN On).  More work is necessary to further 
characterize the nature of the GALCEN-spindle attachment in cells grown on galactose.   
Because the GALCEN is such a widely used tool for investigating the molecular and 
cellular requirements for chromosome segregation, a full understanding of its functional 
capabilities is important.  Based on this study, the classic assumption that a GALCEN 
centromere is completely non-functional must be modified.  We have uncovered evidence of 
partial function of the GALCEN centromere in cells grown on galactose.  We also found 
evidence that suggests this partial function confers transient attachment to the spindle.  
Continued study of GALCEN positioning during mitosis will shed light on the requirements 
of centromere function in conferring chromosome segregation.   
 
Materials and Methods 
 
Strain Construction 
Strain SGD10.2 was constructed using plasmid JC313 GALCEN.  JC313 GALCEN 
was digested with EcoRI to create the transformation fragment.  The fragment was used to 
transform strain KBY8039.    
Growth Conditions 
 Plating assays were conducted using W303 and SGD10.2 cultures grown overnight in 
YP+Glucose liquid media.  Serial dilutions were created and cells were plated onto 
YP+Glucose and YP+Galactose plates.  Plates were incubated for 5-6 days at 25oC.   
To induce lacI-GFP for imaging, SGD10.2 cells were maintained on synthetic –HIS 
media.  To inhibit centromere function of the GALCEN, SGD10.2 was grown overnight in 5 
ml of synthetic  –HIS+Glucose liquid media at 25oC.  50 μl of this culture was then 
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transferred to 5 ml of synthetic –HIS +Lactose liquid media and grown overnight at 25oC.  
On the day of imaging, 500 μl of 20% Galactose was added to the SGD10.2 culture.  After 3-
4 hours of shaking at 25oC, cells were imaged. 
Imaging Conditions 
Images of plates were taken using a Canon CanoScan 4400F Scanner.  Population 
imaging was performed on live cells immersed in rich, synthetic imaging media 
supplemented with 2% glucose or galactose.  Time lapse, live-cell imaging was performed 
using cells immobilized on 25% gelatin slabs containing 2% Glucose or Galactose.  Image 
acquisition was carried out using a Nikon Eclipse TE2000-U inverted microscope stand 
(Tokyo, Japan) with a 100X, 1.4 N.A. differential interference contrast (DIC) oil-immersion 
lens. Images were acquired with a Hammamatsu ORCA-ER CCD camera (Bridgewater, NJ).  
MetaMorph 7 software (Molecular Devices, Downington, Pennsylvania) controlled the 
microscope.  Population imaging was performed using an acquisition protocol taking 5 
fluorescence images at 0.5 μm axial steps and a single DIC image corresponding to the 
central fluorescence image.  Exposure times ranged from 300-400 ms.  For time lapse 
imagine, the same 5 step protocol was used at 2 minute intervals.      
Image Analysis and Creation 
 Distances were measured using the Measure Pixel tool in MetaMorph 7 software.  To 
correct for random errors, each frame stack analysis was repeated three times.  Data sets were 
exported into Microsoft ExcelTM (Microsoft, Richmond, Washington) for analysis.  Rates of 
GALCEN movement were calculated by fitting a regression line to plots.  GALCEN to pole 
movement was defined as at least 3 consecutive time points of decreasing distance between 
the lacO/lacI-GFP focus and the SPC29-RFP focus.  Slopes of regression lines were used to 
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determine rates of movment.  All models and schematics were created using CorelDRAW 11 
software.   
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CHAPTER 4 
DISCUSSION AND FUTURE EXPERIMENTS 
 
 Chromosome segregation is indispensible for cellular proliferation.  Years of 
evolution have led to the development of complex cellular machines that serve to faithfully 
segregate chromosomes.  In this thesis, I have focused on understanding the fundamental 
components of the segregation machinery of budding yeast.  In this chapter, I will briefly 
summarize my results and discuss how these results have contributed to the field of 
chromosome segregation. 
 During my graduate studies, I have used high resolution imaging techniques to track 
and quantitate the movements of three chromosomal loci: the ribosomal DNA (rDNA) repeat 
array, telomeres, and centromeres.  Chapter 2 characterizes many interesting attributes of 
rDNA repeat array and telomere separation in anaphase.  Using live cell imaging, I studied 
the segregation trajectory followed by these loci, wherein sister loci are drawn into the 
spindle axis prior to their migration to the poles.  In addition, I analyzed the compaction level 
of the rDNA repeat array and the rate of sister telomere separation in anaphase.  Chapter 3 
focuses on the mechanism behind the segregation trajectory and rate of separation of sister 
telomeres, finding that localization of the protein separase contributes to the efficient 
separation of sister telomeres in anaphase.  With Chapter 4, I investigate the segregation 
efficiency of a chromosome whose attachment to the chromosome segregation machinery has 
been perturbed.  This investigation reveals that although the attachment between the 
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chromosome and the spindle is partially disrupted, transient, weak attachments may 
contribute to chromosome segregation.   
 The work presented in Chapters 2 and 3 highlight the importance of coordinating the 
separation of sister chromatid arm loci with spindle elongation.  Quantitation of force 
production by the spindle reveals that the spindle is relatively weak (Nicklas, 1983), being 
prone to collapse when mechanically linked sister loci are not separated in an efficient 
manner.  The cleavasome model presented in Chapter 3 explains how sister loci separation is 
coordinated with spindle elongation by identifying a direct link between the two processes.  
SLK19-dependent localization of separase to the spindle axis ensures that mechanical links 
between sister chromatids are removed before they can inhibit spindle elongation.  Though 
SLK19 does confer spindle association of separase, no microtubule binding domain has been 
identified in the SLK19 protein raising the question of how SLK19 associates with the 
spindle.  Screens aimed at identifying proteins that bind to SLK19 may help elucidate the 
mode of SLK19’s association with the spindle.    
Due to separase localization being at the center of the cleavasome model, the model 
makes certain predictions about the localization of important anaphase events.  For example, 
the model predicts that sister telomeres will colocalize with separase on the spindle axis 
immediately prior to their separation.  Tracking both telomeres and separase localization in 
anaphase will aid in testing this prediction.  Additionally, the cleavasome model predicts that 
cleavage of the cohesin subunit SCC1 would occur at the spindle axis.  Development of a 
fluorescent separase proteolysis reporter molecule may help identify the sub-nuclear region 
of SCC1 cleavage.  
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In Chapter 3 of this thesis, I presented an investigation of chromosome-spindle 
attachment using the GALCEN construct.  This conditional centromere replaced the 
endogenous centromere of chromosome III, enabling me to inhibit centromere function by 
growing cells on galactose.  Though thought to be completely non-function on galactose, in a 
small percentage of mitoses the GALCEN chromosome was partitioned into mother and 
daughter cells, suggesting that the GALCEN chromosome could be successfully segregated.  
Investigation of GALCEN movement in anaphase revealed evidence of transient, weak 
attachments between the GALCEN chromosome and the spindle apparatus.  However, 
because movement of the GALCEN chromosome was only quantitated in 2 cells (Figure 20), 
much more work quantitating the movements of GALCEN chromosomes in anaphase will be 
necessary.  It will also be interesting to investigate the GALCEN dynamics in metaphase.  A 
small percentage of cells in metaphase displayed a phenotype consistent with proper 
biorientation of the GALCEN chromosome (Figure 19a).  Tracking of the GALCEN in cells 
showing evidence of biorientation could help reveal the nature of the GALCEN 
chromosome-spindle attachment.   
Development of the trackable GALCEN chromosome could also be used in the study 
of the spindle assembly checkpoint (SAC).  Delays in the growth of GALCEN chromosome-
containing cells on galactose may be caused by the SAC, raising the question of how this 
centromere is communicating with the checkpoint when its ability to recruit kinetochore 
proteins is inhibited.  Additionally, the GALCEN chromosome may be triggering a mid-
anaphase checkpoint monitoring lagging chromosomes.  The lagging chromosome 
checkpoint is much less well understood than the SAC, making the GALCEN chromosome a 
valuable tool for its study.   
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In addition to the study of checkpoints, the GALCEN chromosome could also be used 
to study aging.  In budding yeast, cell aging is dependent on several factors including the 
accumulation of extra chromosomal ribosomal circles (ERCs) (Sinclair and Guarente, 1997).  
ERCs show a bias towards staying in the mother cell during segregation.  A similar 
phenomenon is observed with GALCEN chromosomes wherein the majority of 
anaphase/telophase cells grown on galactose show the GALCEN chromosome only in the 
mother.  Identifying the factors involved in the mother bias segregation of the GALCEN 
chromosome may aid the identification of factors involved in the bias segregation of ERCs.   
The investigations of sister chromatid separation and chromosome-spindle attachment 
presented in this thesis provide insight into the necessary components for faithful 
chromosome segregation.  As these studies provide answers to several questions regarding 
chromosome segregation, they expose new paths of inquiry rife with the possibility of 
scientific discovery.   
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 APPENDIX A 
Tables of Measurements and P Values 
 
Probe Genotype Distance 
Between 
Strands 
%  
Separated in 
Metaphase 
 
n 
  μm   
Cdc14-GFP SGO1 0.53+/-0.26 91% 12 
 sgo1Δ - 7% 14 
lacO-rDNA SGO1 0.40+/-0.07 100% 9 
 sgo1Δ - 0% 11 
Table 1  Strand Separation of rDNA Arrays in the First Metaphase After Mating 
 
Probe Genotype Rest Length 
(Metaphase) 
Compaction 
Ratio 
 
n 
  μm times B-form  
Cdc14-GFP SGO1 1.86 +/- 0.52 274X 24 
 sgo1Δ 2.00 +/- 0.32 255X 14 
lacO-rDNA SGO1 1.12+/- 0.22 455X 18 
sgo1Δ 1.59 +/- 0.51 320X 11 
Table 2  Strand Dimensions of rDNA Arrays in the First Metpahase After Mating 
 
Probe Genotype Distance 
Between 
Strands 
%  
Separated in 
Metaphase 
 
n 
  μm   
Net1-GFP SGO1 0.40+/-0.12 85% 13 
Table 3  Strand Separation of rDNA Arrays in the First Metaphase After Mating Using 
NET1-GFP 
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Probe Genotype Rest Length 
(Metaphase) 
Compaction 
Ratio 
 
n 
  μm times B-form  
Net1-GFP SGO1 2.04 +/- 0.50 250X 24 
Table 4  Fluorescent Strand Dimension in the First Metaphase After Mating Using 
NET1-GFp 
Values are not statistically different than values using CDC14-GFP 
 
  Maximum Extension 
(Anaphase) 
Compaction Ratio  
Probe Genotype Mother Daughter Mother Daughter n 
  μm μm times 
B-form
times  
B-form 
 
Cdc14-
GFP 
SGO1 2.56 +/- 0.72 5.03 +/- 1.06 197X 100X 12 
 sgo1Δ 1.89 +/- 0.34 3.24 +/- 1.02 270X 157X 14 
lacO-
rDNA 
SGO1 2.48 +/- 0.95 2.48 +/- 1.07 205X 205X 8 
 sgo1Δ 1.55 +/- 0.64 1.89+/- 0.62 329X 270X 10 
Table 5  Fluorescent Strand Dimension in the First Anaphase After Mating 
 
  Fold Extension 
Probe Genotype Mother Daughter 
  Max. Extension/ 
Rest Length 
Max. Extension/ 
Rest Length 
Cdc14-GFP SGO1 1.44  2.91 
 sgo1Δ 0.96 1.58 
lacO-rDNA SGO1 2.15 2.09 
 sgo1Δ 0.97 1.23 
Table 6  Fold Extension of rDNA Arrays During the First Anaphase After Mating 
Differences in fold extension between SGO1 and sgo1Δ have p-values of 0.01 (CDC14-GFP) 
and 0.002 (lacO/lacI-GFP).   
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  Maximum Extension 
(Anaphase) 
Compaction Ratio  
Probe Genotype Mother Daughter Mother Daughter n 
  μm μm times  
B-form 
times  
B-form 
 
Net1-
GFP 
SGO1 3.38 +/- 0.76 4.12 +/- 0.85 151X 124X 12 
Table 7  Fluorescent Strand Dimension in the First Anaphase After Mating Using 
NET1-GFP 
Values are not statistically different than values using CDC14-GFP 
 
  Fold Extension 
Probe Genotype Mother Daughter 
  Max. Extension/ 
Rest Length 
Max. Extension/ 
Rest Length 
Net1-GFP SGO1 1.41 2.13 
Table 8  Fold Extension of rDNA Arrays Marked with NET1-GFP During the First 
Anaphase After Mating 
 
Genotype Rate of Sister 
TEL 
Separation 
Rate of Spindle 
Pole Separation 
Length of 
Spindle at 
Onset 
 
n 
 μm/min μm/min μm  
SGO1 2.96 +/- 1.08 0.58 +/- 0.19 4.07 +/- 0.83 10 
sgo1Δ 1.91 +/- 0.96 0.92 +/- 0.23 3.95 +/- 0.50 11 
Table 9  Rate of Sister Telomere-proximal lacO Array Separation. 
Statistical analysis reveals significant difference between SGO1 and sgo1Δ in spindle 
elongation (p-value = 0.001) and sister telomere separation rate (p-value = 0.028). 
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Genotype Carbon 
Source 
Rate of Recoil Rate of Spindle Pole 
Separation 
 
n 
  μm/min μm/min  
CDC6 Glucose 3.52 +/- 2.26 0.58 +/- 0.19 11 
GAL-Ub-CDC6 Glucose - 3.46 +/- 1.38 10 
Table 10  Rate of Telomere-proximal lacO Array Recoil and Spindle Elongation in 
Cells with Replicated and Unreplicated Chromosomes 
Difference in spindle elongation rates between these two types of cells is statistically 
significant (p-value < 0.001). 
 
       
Genotype Telophase 
Mother/Daughter 
Ratio 
Mother G2/ 
Daughter 
G1 Ratio 
Separated 
Upon 
Replication 
Spindle 
Length 
(μm) 
n 
SGO1 0.91 +/- 0.18 1.74 +/- 0.14 63% 0.85 +/- 0.52 11 
sgo1Δ 0.96 +/- 0.22 1.75 +/- 0.58 31% 0.80 +/- 0.47 16 
Table 11  Mother/Daughter Integrated Fluorescence Intensity Ratios 
Fluorescence was measured for the rDNA strand in the mother and in the daughter (left 
image)and a ratio of the two was calculated.  The ratio was then calculated again following 
cytokinesis and bud emergence (right image) from the original mother cell.  Red spots in the 
graphic represent the spindle poles and the green represents the rDNA locus. 
 
p-values WT slk19Δ cin8Δ slk19(R77E) 
WT   0.144 0.00770 0.00131 
slk19Δ     0.000176 0.0342 
cin8Δ       8.46E-06 
slk19(R77E)         
Table 12  T-test p value Calculations for Rates of Spindle Elongation 
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p-values WT slk19Δ cin8Δ slk19(R77E) 
WT   0.323 0.490 0.535 
slk19Δ     0.908 0.171 
cin8Δ       0.317 
slk19(R77E)         
Table 13  T-test p value Calculations for the Rates of Telomere Separation 
 
p-values WT slk19Δ cin8Δ slk19(R77E) 
WT   0.0811 0.1123 0.6033 
slk19Δ    0.7105 0.0270 
cin8Δ     0.8979 
slk19(R77E)         
Table 14  F-test p value Calculations for Rates of Sister Telomere Separation 
 
p-values WT slk19Δ cin8Δ 
WT   0.8547 4.96E-03
slk19Δ     0.0279
cin8Δ       
Table 15  T-test p value Calculations for Rates of Centromere Separation 
 
p-values WT slk19Δ cin8Δ slk19(R77E) 
WT 1.59E-04 2.09E-03 1.35E-02 2.05E-04
slk19Δ 1.08E-04 1.26E-03 9.20E-03 1.61E-04
cin8Δ 2.83E-05 1.30E-03 8.93E-03 1.80E-05
Table 16  T-test p value Calculations Comparing Rates of Telomere Separation and 
Centromere Separation 
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p-values WT slk19Δ cin8Δ slk19(R77E) 
WT   0.116 0.00111 0.0167 
slk19Δ     0.0305 0.116 
cin8Δ       0.252 
slk19(R77E)         
Table 17  T-test p value Calculations of Spindle Length Upon Telomere Separation 
 
p-values WT slk19Δ cin8Δ slk19(R77E) 
WT   0.0034 0.812 0.929 
slk19Δ     0.0062 0.0066 
cin8Δ       0.887 
slk19(R77E)         
Table 18  F-test p value Calculations for Spindle Length Upon Telomere Separation 
 
p-values WT slk19Δ cin8Δ 
WT   0.351 0.00617
slk19Δ     0.0506
cin8Δ       
slk19(R77E)       
Table 19  T-test p value Calculations of Spindle Length Upon Centromere Sepation 
 
p-values WT slk19Δ cin8Δ 
WT   0.368 0.214
slk19Δ     0.652
cin8Δ       
slk19(R77E)       
Table 20  F-test p value Calculations of Spindle Length Upon Centromere Separation 
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p-values WT slk19Δ cin8Δ slk19(R77E) 
WT 1.02E-07 2.10E-03 0.0145 2.64E-04
slk19Δ 2.43E-08 9.69E-04 5.69E-03 8.43E-05
cin8Δ 7.89E-07 3.96E-03 5.39E-03 2.72E-04
Table 21  T-test p value Calculations of Spindle Length Upon Telomere Separation 
Compared to Spindle Length Upon Centromere Separation 
 
p-values WT slk19Δ cin8Δ slk19(R77E) 
WT   0.212 0.686 0.851 
slk19Δ     0.221 0.215 
cin8Δ       0.802 
slk19(R77E)         
Table 22  T-test p value Calculations of the Delay Between Spindle Elongation Initiation 
and Telomere Separation 
 
p-values WT slk19Δ cin8Δ slk19(R77E) 
WT   0.000115 0.575 0.552 
slk19Δ     0.000145 5.15E-05 
cin8Δ       0.993 
slk19(R77E)         
Table 23  F-test p value Calculations of the Delay Between Spindle Elongation Initiation 
and Telomere Separation 
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p-values WT slk19Δ cin8Δ 
WT   0.557 0.0825
slk19Δ     0.0374
cin8Δ       
slk19(R77E)       
Table 24  T-test p value Calculations of the Delay Between Spindle Elongation Initiation 
and Centromere Separation 
 
p-values WT slk19Δ cin8Δ 
WT   0.678 0.175
slk19Δ     0.312
cin8Δ       
slk19(R77E)       
Table 25  F-test p value Calculations of the Delay Between Spindle Elongation Initiation 
and Centromere Separation 
 
p-values WT slk19Δ cin8Δ slk19(R77E) 
WT 3.35E-04 0.0299 2.95E-04 1.13E-04
slk19Δ 1.16E-04 0.0195 1.14E-04 4.01E-05
cin8Δ 0.0186 0.0873 0.0272 0.0136
Table 26  T-test p value Calculations of the Delay Between Spindle Elongation Initiation 
and Telomere Separation Compared to the Delay Between Spindle Elongation 
Initiation and Centromere Separation 
 
 APPENDIX B 
Strains 
Strain Name Relevant Genotype 
DCB190 Mat a trp1Δ63, leu2Δ1, ura3-52, his3-Δ200, lys2-801, Cdc14-
GFP::KANr 
DCB194 Mat a trp1Δ63, leu2Δ1, ura3-52, his3-Δ200, lys2-801, Cdc14-
GFP::KANr,sgo1::NATr 
KBY9361 Mat α trp1Δ63, leu2Δ1, ura3-52, his3-Δ200, lys2-801, Nuf2-
GFP::URA3 
 
MH3341 
Mat a ura3-52, leu2Δ1, his3Δ-200, trp1-63, lys2-301, ade2-101, 
rDNA-5xLacO, ura3-52::pGalL-GFPLacI::URA3 
 
MH3342 
Mat a ura3-52, leu2Δ1, his3Δ-200, trp1-63, lys2-301, ade2-101, 
rDNA-5xLacO, ura3-52::pGalL-GFPLacI::URA3, Spc29-RFP::Hbr 
 
MH3344 
Mat a ura3-52, leu2Δ1, his3Δ-200, trp1-63, lys2-301, ade2-101, 
rDNA-5xLacO, ura3-52::pGalL-GFPLacI::URA3, sgo1::NATr  
 
MH3346 
Mat a ura3-52, leu2Δ1, his3Δ-200, trp1-63, lys2-301, ade2-101, 
rDNA-5xLacO, ura3-52::pGalL-GFPLacI::URA3, Spc29-RFP::Hbr, 
sgo1::NATr 
BDH2008 Mat α trp1Δ63, leu2Δ1, ura3-52, his3-Δ200, lys2-801, Spc29-
RFP::Hbr 
BDH2009 Mat α trp1Δ63, leu2Δ1, ura3-52, his3-Δ200, lys2-801, Spc29-
RFP::Hbr, sgo1::NATr 
EYY1131 Mat a ade1, met14, ura3-52,  leu2-3,112, lys2delta::lacI-GFP-
NLS::NATr,  his3-11,15 TEL3::lacO::LEU2 (pAFS102), SPC29-
RFP::Hbr, pRS313
 
EYY1152 
Mat a ade1, met14, ura3-52,  leu2-3,112, lys2delta::lacI-GFP-NLS-
NATr,  his3-11,15 TEL3::lacO::LEU2 (pAFS102), SPC29-
RFP::Hbr, nat::KANr, sgo1::NATr, pRS313 
 
EYY1171 
Mat a ade1, met14, ura3-52,  leu2-3,112, lys2delta::lacI-GFP-NLS-
NATr,  his3-11,15 TEL3::lacO::LEU2 (pAFS102), LEU2::KAN,  
pGAL-UB-CDC6::LEU2, SPC29-RFP::Hbr,r, pRS313 
Table 27  Strains Used in Chapter 2 
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Strain Name Relevant Genotype 
BDH3333 Mat α trp1Δ63, leu2Δ1, ura3-52, his3-Δ200, lys2-801, Spc29-
RFP::Hbr, ESP1-3xGFP::HIS3 
BDH3319 Mat α trp1Δ63, leu2Δ1, ura3-52, his3-Δ200, lys2-801, Spc29-
RFP::Hbr, ESP1-3xGFP::HIS3, slk19::NATr  
BDH3179 Mat α trp1Δ63, leu2Δ1, ura3-52, his3-Δ200, lys2-801, Spc29-
RFP::Hbr, ESP1-3xGFP::HIS3, slk19::NATr, slk19(R77E)::URA3 
(p179) 
BDH3308 Mat α trp1Δ63, leu2Δ1, ura3-52, his3-Δ200, lys2-801, Spc29-
RFP::Hbr, ESP1-3xGFP::HIS3, cin8::LEU2 
EYY1131 Mat a ade1, met14, ura3-52,  leu2-3,112, lys2delta::lacI-GFP-
NLS::NATr,  his3-11,15 TEL3::lacO::LEU2 (pAFS102), SPC29-
RFP::Hbr, pRS313 
EYY1133 Mat a ade1, met14, ura3-52,  leu2-3,112, lys2delta::lacI-GFP-
NLS::NATr,  his3-11,15 TEL3::lacO::LEU2 (pAFS102), SPC29-
RFP::Hbr, pRS313, slk19::KANr 
EYY1179 Mat a ade1, met14, ura3-52,  leu2-3,112, lys2delta::lacI-GFP-
NLS::NATr,  his3-11,15 TEL3::lacO::LEU2 (pAFS102), SPC29-
RFP::Hbr, pRS313, slk19::KANr, slk19(R77E)::URA3 (p179) 
EYY1138 Mat a ade1, met14, ura3-52,  leu2-3,112, lys2delta::lacI-GFP-
NLS::NATr,  his3-11,15 TEL3::lacO::LEU2 (pAFS102), SPC29-
RFP::Hbr, pRS313, leu2::KANr, cin8::LEU2 
EYY2000 Mat a ade1, met14, ura3-52,  leu2-3,112, lys2delta::lacI-GFP-
NLS::NATr,  his3-11,15 TEL3::lacO::LEU2 (pAFS102), SPC29-
RFP::Hbr, pRS313, GAL-ESP1-GFP::URA3 
KBY8065 Mat a ade2-1, his3-11, trp1-1, ura3-1, leu2-3,112 can1, 
CEN15(1.8)-lacO::URA3, lacI-NLS-GFP::HIS3, SPC29-RFP::Hbr 
KBY8190 Mat a ade2-1, his3-11, trp1-1, ura3-1, leu2-3,112 can1, 
CEN15(1.8)-lacO::URA3, lacI-NLS-GFP::HIS3, SPC29-RFP::Hbr, 
slk19::NATr 
KBY8117 Mat a ade2-1, his3-11, trp1-1, ura3-1, leu2-3,112 can1, 
CEN15(1.8)-lacO::URA3, lacI-NLS-GFP::HIS3, SPC29-RFP::Hbr, 
cin8::LEU2 
Table 28  Strains Used in Chapter 3 
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Strain Name Relevant Genotype 
 
W303 
 
Mat a ade2-1, his3-11, trp1-1, ura3-1, leu2-3,112 can1 
 
 
KBY8039 
Mat a ade2-1, his3-11, trp1-1, ura3-1, leu2-3,112 can1, CEN3(3.8)-
lacO::URA3, lacI-NLS-GFP::HIS3, SPC29-RFP::Hbr, ura3::NATr 
 
 
SGD10.2 
Mat a ade2-1, his3-11, trp1-1, ura3-1, leu2-3,112 can1, CEN3(3.8)-
lacO::URA3, lacI-NLS-GFP::HIS3, SPC29-RFP::Hbr, ura3::NATr,  
GALCEN3::URA3 (JC313 GALCEN) 
Table 29  Strains Used in Chapter 4 
